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INTRODUCTION 
Profitability of dairy farming is based on producing milk 
economically, and high milk production per cow is one 
important contributing factor. Genetic selection for 
increased milk production has been the most consistent way to 
increase production per cow. Thus, genetic selection for 
increased milk production has been and should continue to be 
of primary importance to all dairy farmers. Over the last 25 
years, average milk production has increased from 3,400 in 
1962, to 6,252 kg in 1987 (Majeskie and Eastwood, 1988), which 
is an increase of 2,852 kg per cow. 
With the special emphasis placed on selection for 
increased milk production, there has been a major concern that 
we have selected against other traits that are economically 
important, specifically reproduction. It is important that 
cows calve every 12 to 13 months, because early lactation is 
the period of greatest profitability. Also, quality 
replacement animals are important to continuing profitability 
of a farm. 
Hansen et al. (1983) summarized studies examining 
heritabilities of reproductive traits and generally considered 
them to be <.10, thus reproductive traits usually have not 
been given a high priority in selection. Evidence from field 
data suggests an antagonism between production and 
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reproduction (Berger et al., 1981; Everett et al., 1966; 
Miller et al. 1967; Kragelund et al., 1979; Seykora and 
McDaniel, 1983; Bertrand et al., 1985; Bar-Anan et al., 1985; 
Laben et al., 1982? Hansen et al., 1983). However, 
contradictory evidence suggests no antagonism between 
production and reproduction (Boyd et al., 1954; Carman, 1955; 
Metz and Politiek, 1970; Odegard, 1965; Slama et al., 1976). 
Physiological reasons for observed antagonisms between milk 
production and reproduction have not been elucidated. 
Cows often cannot consume enough feed (i.e., energy) 
during early lactation to maintain both production and body 
weight. Thus, they are in negative energy balance, which is 
associated with changes in endocrine regulation and in 
concentrations of metabolites in blood [glucose, beta-
hydroxybutyrate (BHBA), and non-esterified fatty acids 
(NEFA)]. These factors are thought to have negative effects 
on reproductive efficiency. 
Glucose is the precursor for milk lactose and may be 
limiting during early lactation. When energy is limiting, 
triglycerides are mobilized and released from adipose tissue 
as NEFA. These NEFA are cleared from the blood by peripheral 
tissues (Lindsay, 1975; Zammit, 1984) and liver, which can 
either esterify them or oxidize them to COg or ketone bodies 
[BHBA, acetoacetate (ACAC), and acetone]. A condition known 
as "fatty liver" may develop if NEFA are esterified and not 
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secreted from the liver. Fatty liver has been associated with 
decreased reproductive efficiency. Thus, many metabolic 
changes or stresses are being imposed on dairy cows prior to 
the time they need to become pregnant. 
The present study was designed to examine physiological 
changes occurring between two groups of cows with widely 
differing genetic potentials for milk production, and we 
examined relationships between various metabolic and 
reproductive measurements. 
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LITERATURE REVIEW 
Nutrient Metabolism in Dairy Cows 
Energy status 
Several measurements have been used to describe energy 
status, including: 1) energy balance, 2) body condition 
scores, and 3) concentrations of energy yielding metabolites 
in systemic blood. Energy status changes throughout lactation 
and the dry period, and they can play an important role in 
overall animal productivity, i.e., in both milk production and 
reproductive efficiency. Each of the three measurements of 
energy status will be discussed in this section. 
Energy balance in dairy cows is calculated from net energy 
values that have been determined from indirect calorimetry 
(open-circuit respiration chamber) studies (Moe et al., 1972). 
Thus, energy balance equals energy intake in the feed minus 
energy output in the form of milk plus maintenance 
requirements; i.e., [energy balance = feed energy - (milk 
energy + maintenance energy requirements)]. Thus, energy 
balance is a result of energy density of the diet, feed 
intake, digestibility of feed, milk secretion, and body 
maintenance requirements. Negative energy balance occurs when 
cows cannot consume enough feed to meet their energy 
requirements for milk production and maintenance. 
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Feed intake has been correlated positively (r=.80) with 
energy balance (Harrison, 1985 and Villa-Goday et al., 1988). 
Dairy cows reach peak milk production between 4 to 8 wk 
postpartum; however, maximal feed intake does not occur until 
10 to 14 wk (National Research Council, 1988). Thus, most 
cows in early lactation are in negative energy balance, and 
this is associated with a loss of body condition and body 
weight. 
Body condition scores have been used to determine overall 
fitness and/or energy status in cattle throughout lactation 
and the dry period. Body condition scores are correlated 
positively (r^=.80,.90) with body composition (Lowman et al., 
1973; Wright and Russel, 1984). Several body condition 
scoring systems have been developed (Lowman et al., 1973; 
Wildman et al., 1982) and are based on a scale of 1 to 5, with 
1 being extremely thin and 5 being extremely fat. General 
management recommendations for body condition scores are as 
follows: calving (3.75-4.0), peak production (2.75-3.0), mid-
lactation (3.0-3.5), and dry-off (3.5-4.0). Cows calving with 
body scores greater than 4.25 are more susceptible to fat-cow 
syndrome (Kilmer, 1988, Dept. of Animal Science, Iowa State 
University, extension publication). Wildman et al. (1982) 
showed that body condition significantly increased throughout 
progressive stages (i.e., less than 80 d, 80-159 d, 160-239 d, 
>239 d including the dry period) of lactation in dairy cows. 
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Also, there was a significant decrease in body condition as 
milk production per cow increased. Body condition scores can 
provide a practical method for determining overall fitness of 
dairy cows and can be used to monitor changes in energy status 
throughout lactation and the dry period. 
Energy-yielding metabolites in blood have been used as an 
indicator of energy status in ruminants. Upon initiation of 
lactation, there is an increased utilization of nutrients for 
milk production, which is normally associated with negative 
energy balance and loss of body condition. Because of 
adaptations to the energetic demands of lactation, there are 
decreased concentrations of plasma glucose for lactose 
synthesis in milk, mobilization of triglycerides to NEFA from 
adipose tissue, and increased oxidation of long-chain fatty 
acids to ketone bodies (BHBA, ACAC, and acetone). 
Over the past 20 years, there has been much interest in 
the use of profiles of specific energy-yielding metabolites 
(glucose, NEFA, and BHBA) in blood to monitor changes in 
energy status and health (Payne et al., 1970; Payne et al., 
1974; Blowey et al., 1973; Adams et al., 1978; Lee et al., 
1978). Blood or plasma glucose has been shown to be 
correlated positively with energy intake (Lee et al., 1978; 
Blowey et al., 1973) and therefore has been suggested as a 
tool for monitoring changes in energy status. However, 
several researchers have suggested that changes in glucose 
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concentrations associated with changes of energy intake or 
energy status are not of practical use on commercial dairy 
farms (Adams et al., 1978 and Lee et al., 1978). 
Beta-hyroxybutyrate is the ketone that is present in the 
greatest quantity in the blood of normal, well-fed animals 
(Menahan et al., 1967). Kronfeld (1972) suggested that blood 
ketone concentrations can be used to evaluate energy balance 
in dairy cows. Herdt et al. (1981) reported that plasma BHBA 
concentrations were not good indicators of energy balance; 
however, they suggested that BHBA be used as an indicator of 
the relative gluconeogenic potential of dairy rations. Kelly 
(1977) reported that BHBA concentrations changed significantly 
when dietary intakes of cows were altered either in quantity 
or quality. 
Non-esterified fatty acids also have been used to evaluate 
the energy status of beef and dairy cows. During early 
lactation, increased concentrations of NEFA seem to be one 
result of a negative energy balance (K. Hove and K. Halse, 
Dept. of Animal Science, Agricultural University of Norway, 
personal communications, 1983). Bartle et al. (1983) 
suggested that NEFA may be a better indicator of energy status 
in cows fed below their energy requirement than in cows fed 
above requirement. 
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Gluconeoaenesis 
Glucose is essential for many body processes and organs: 
1) cellular metabolism, 2) brain and central nervous system, 
3) erythrocytes, 4) gastrointestinal tract (including spleen 
and pancreas), 5) liver, 6) muscle, 7) fetus, 8) turnover and 
synthesis of fat, and 9) mammary gland. Details of these 
processes will not be discussed in this review, but they are 
discussed in the review by Amaral (1988). 
Ruminants derive most of their energy from volatile fatty 
acids (VFA) produced through fermentation of carbohydrates in 
the rumen. Acetate, propionate, and butyrate, which are the 
three major VFA, provide approximately 70% of the total energy 
requirements of ruminants (Bergman et al., 1965; Warner, 
1964). The amount of glucose in starch that by-passes the 
rumen and enters the small intestine varies with diet, but in 
many circumstances the amount only equals 10% or less of the 
glucose requirement (Lindsay, 1978; Young, 1977; Otchere et 
al., 1974). 
Gluconeogenesis is the synthesis of glucose from 
noncarbohydrate precursors. It occurs almost exclusively in 
the liver and kidney and provides approximately 90% of the 
glucose requirement of ruminants. Gluconeogenesis by the 
liver accounts for approximately 85% of the total, whereas the 
kidneys can account for 8 to 10% of glucose used by fed sheep 
(Bergman, 1973). Propionate, glycerol, amino acids, lactate. 
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and pyruvate are the major substrates for gluconeogenesis. 
In ruminants, glucose production is a continual process, 
which increases after feeding as a direct consequence of 
increased nutrient availability. In monogastrics, however, 
the liver extracts glucose after a meal but produces and 
releases glucose in the fasted state (Ballard et al., 1969). 
Another difference in glucose metabolism between monogastric 
and ruminant species is evident in enzymatic adaptations. 
Fasted rats show increased rates and increased activity of 
phosphoenolpyruvate carboxykinase (PEPCK), which is a major 
regulatory enzyme in gluconeogenesis, whereas neither fasted, 
lactating, nor ketotic ruminants show any changes for PEPCK 
activity or for gluconeogenesis (Baird and Heitzman, 1970; 
Baird and Heitzman, 1971; Ballard et al., 1969). Such results 
suggest that substrate supply is the major factor limiting 
gluconeogenesis in ruminants. Gluconeogenesis and glucose 
entry rates vary widely among ruminants in different 
physiological states (maintenance, pregnancy, lactation, and 
fasting) and with different amounts of digestible energy 
intake. 
Postpartum dairy cows place a major demand on 
gluconeogenesis to supply the greatly increased requirement 
for glucose. Mills (1982) calculated a potential 10-fold 
increase in glucose requirement for lactating versus 
nonlactating dairy cows. Lindsay (1970) reported that stage 
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of lactation was also important in glucose production, with 
glucose turnover rates being greatest during peak lactation 
but less during early and late lactation. 
Mechanisms to spare glucose may become increasingly 
important during high demands for glucose and may account for 
less glucose production than the glucose requirement during 
lactation. Positive correlations have been observed between 
digestible energy intakes and glucose entry rates (rate at 
which glucose carbon enters a sampled compartment), indicating 
the importance of a dietary supply of gluconeogenic precursors 
(Lindsay, 1970; Leng, 1970). 
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Gluconeogenic precursors 
Four groups of metabolites serve as the major substrates 
for gluconeogenesis in ruminants; 1) propionate, 2) glycerol, 
3) amino acids, and 4) lactate and pyruvate (Exton, 1972; 
Krebs, 1964a; Krebs, 1964b; Weiss and Loffler, 1970). 
Propionate Propionate is the only VFA that is a major 
source of glucose in ruminants (Leng et al., 1967; Wiltrout 
and Satter, 1972). Conversion of propionate to glucose occurs 
predominantly in liver, with approximately 90% of absorbed 
propionate being removed during each pass of portal blood 
through the liver (Bergman and Wolff, 1971; Cook and Miller, 
1965). Some propionate is metabolized to lactate during 
absorption, but Weigand et al. (1972) reported that the extent 
of conversion is generally less than 5%. Wiltrout and Satter 
(1972) reported that 32 and 45% (60% after correcting for 
carbon crossover) of glucose was derived from propionate in 
dry and lactating cows. Their results suggest that propionate 
is converted to glucose more efficiently during lactation. 
Amaral (1988), through solving an in vivo kinetic model, 
found that conversion of propionate to glucose in lactating 
dairy cows was 52%. Veenhuizen (1983) observed values for 
steers that ranged from 40 to 54%. He also demonstrated that 
41 to 69% of glucose synthesized was derived from propionate. 
Published values for conversion of propionate to glucose range 
from 20 to 69%. Quantifying propionate conversion to glucose 
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is difficult because of carbon crossover and subsequent 
isotope dilution in the tricarboxylic acid (TCA) cycle. The 
crossover of carbon into the TCA cycle causes an 
underestimation of the contribution of propionate to synthesis 
of glucose (Wiltrout and Satter, 1972). 
Amounts of propionate absorbed vary with type of diet, 
amount of digestible feed consumed, and type of additive in 
the feed. Steel and Leng (1973) indicated that the amount of 
propionate produced in the rumen affects the rate of 
gluconeogenesis; therefore, the type or amount of digestible 
feed eaten and the presence of feed additives can have a 
strong effect on glucose production. 
Glycerol Glycerol is the "backbone" of triglycerides, 
which are the major components of adipose tissue. Glycerol is 
found in the body in combination with long-chain fatty acids, 
and normally only small concentrations of free glycerol are 
present in blood. Free glycerol is removed predominantly by 
liver and kidneys and enters the gluconeogenic pathway at the 
triose phosphate stage. In the liver, free glycerol can 
become a significant precursor of glucose during periods of 
mobilization of body fat. Contributions of glycerol to 
gluconeogenesis in well-fed ruminants (i.e., sheep) account 
for less than 5% of the total glucose produced (Bergman et 
al., 1968; Lindsay, 1978). 
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Amino acids Krebs (1964b) stated that almost all amino 
acids except lysine, leucine, and taurine are gluconeogenic. 
Most amino acids are used for muscle protein synthesis and 
these, along with dietary amino acids, are used by liver and 
kidneys to synthesize glucose when muscle proteins are broken 
down. Contributions of amino acids to gluconeogenesis will 
vary widely, depending upon the nutritional and physiological 
status of the animal (Bergman, 1973). 
Reynolds et al. (1988a) reported that 16% of hepatic 
gluconeogenesis was derived from amino acids during early 
lactation in dairy cows. Hunter and Millson (1964) reported 
that 12% of milk lactose was derived from amino acids in 
lactating cows. Thus, these researchers showed that amino 
acids are important but not the major gluconeogenic precursors 
during lactation. Trenkle (1980) indicated protein could 
contribute over 50% of the glucose metabolized by ruminants. 
Based on net hepatic uptake of amino acids, Bergman and Wolff 
(1971) have indicated that 11 to 30% of glucose turnover could 
originate from amino acids. 
The TCA cycle utilizes the carbon skeleton of many amino 
acids at various sites along the cycle. Glycine, serine, 
cysteine, and hydroxyproline enter the TCA cycle through 
pyruvate. Histidine, arginine, and proline enter the cycle 
through alpha-ketoglutarate. Phenylalanine and tyrosine enter 
via fumarate, whereas threonine, valine, and isoleucine enter 
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via succinate. These and other gluconeogenic amino acids are 
deaminated in the liver; then, ammonia is transported to the 
kidney and excreted in the urine as urea (Newsholme and Start, 
1973). Some of the urea can enter the digestive tract, and 
the nitrogen can be reincorporated into amino acids (Nolan and 
Leng, 1972). 
Lindsay (1979) suggested that during lactation, 
gluconeogenic amino acids from feed and turnover of body 
proteins may aid in increasing glucose availability. Also, he 
suggested that the major role of amino acids during lactation 
is to spare glucose metabolism in peripheral tissues. This 
sparing increases availability of glucose, which can be 
utilized where it is in greatest demand, i.e., for lactose 
synthesis. 
Lactate and Pvruvate Lactate and pyruvate are formed 
during glycolysis and can be present in all types of cells. 
Thus, glucose formed from lactate or pyruvate that originally 
came from glucose does not represent synthesis of new glucose. 
Pyruvate is the end point of glycolysis and can be converted 
to either acetyl-ÇoA or oxaloacetate. Also, pyruvate can go 
directly to alanine or lactate. 
Lactate is the reduced form of pyruvate and is a dead-end 
in metabolism (Stryer, 1981). The purpose of converting 
pyruvate to lactate is to regenerate NAD+ so that glycolysis 
can proceed in active anaerobic skeletal muscle (Stryer, 
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1981). Once lactate is formed, it is transported to other 
more aerobic organs (heart, liver, and kidneys) where it can 
either be oxidized to COg or be converted to glucose and fatty 
acids. The recycling of glucose to lactate and back again to 
glucose is known as the Cori cycle, which does not result in a 
net increase in glucose availability. However, it is a 
mechanism for conserving the available glucose. 
Lactate normally seems to play only a small role in 
contributing to net gluconeogensis in ruminants. Both Annison 
et al. (1963) and Bergman (1970) indicated that lactate 
accounted for no more than 4 to 10% of the glucose turnover of 
fed sheep. Giesecke and Stangassinger (1980) indicated that 
up to 50% of blood lactate is derived from glucose. Lactate 
that is a product of digestion can contribute to net synthesis 
of glucose, but evaluation of lactate metabolism in ruminants 
is difficult because of the variable and unknown amounts of 
lactate absorbed from the digestive tract (Bergman, 1973). 
Reynolds et al. (1988a) and Lomax and Baird (1983) estimated 
that net removal of hepatic L-lactate accounted for 17.4 and 
16.0% of net hepatic glucose production, respectively. 
Lipid metabolism during earlv lactation 
Onset of lactation dramatically increases energy demands 
of the dairy cow; however, these demands usually are not met 
completely by increased dietary intake. Thus, mobilization of 
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triglycerides to NEFA and glycerol occurs from adipose tissue. 
Non-esterified fatty acids and glycerol are transported in 
blood and can provide substantial energy to peripheral 
tissues. 
Liver, skeletal muscle, heart, brain, and kidney are the 
major tissues that utilize NEFA. Liver is the major organ 
that removes NEFA from circulating plasma (Stein and Shapiro, 
1959). Bergman et al. (1968) reported that 25% of all NEFA 
entering systemic blood of sheep were taken up by the liver. 
Hepatic uptake of NEFA is thought to be a function of their 
concentration in blood. Palmitic, stearic, and oleic acids 
are the major individual NEFA found in blood of ruminants 
(Christie, 1981). 
During early lactation as much as 50 kg of body fat may be 
mobilized to support energy demands (Bines and Hart, 1982; 
Belyea et al., 1978). Concentrations of NEFA have been shown 
to be higher during early lactation in high-producing dairy 
cows versus lower-producing cows fed identical diets (Hart et 
al., 1978). Baldwin et al. (1976) showed a positive 
relationship between negative energy balance and adipose 
tissue lipolysis in early to mid lactation. After peak 
lactation, cows can increase energy intake to meet demands of 
production and maintenance. Cows then will generally favor 
lipogenesis over lipolysis for the remainder of lactation. 
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Mobilization of adipose tissue Adipose tissue is 
composed predominantly of triglycerides, which are hydrolyzed 
to NEFA and glycerol during early lactation. Degree of NEFA 
release from adipose tissue is controlled by two processes: 
A) the rate of hydrolysis of triglycerides by hormone-
sensitive lipase and B) the rate of fatty-acyl-glyceride 
synthesis or resynthesis (Mills, 1982). Regulation and rates 
of these two processes have been shown to change with diet 
(Ballard et al., 1972; Yang and Baldwin, 1973), fasting 
(Baldwin et al., 1973; Prior and Jacobson, 1979; Pothoven and 
Beitz, 1973), and lactation (Grichting et al., 1977; Ingle et 
al., 1972; Metz and van den Bergh, 1977; Yang and Baldwin, 
1973) . 
Lipolysis is initiated by hydrolysis of triglycerides to 
diglycerides by hormone-sensitive lipase, which is activated 
by cyclic AMP (Bauman, 1976; Vernon, 1981). Subsequently, 
another lipase hydrolyzes the diglyceride to two NEFA and a 
glycerol. Glycerol released during lipolysis normally is 
transported to the liver for conversion to glucose (Fain, 
1980). Non-esterified fatty acids are released into the blood 
where they are bound to albumin for transport and subsequently 
are removed from blood by several tissues (muscle, heart, 
brain, mammary gland, kidney, and liver). Once fatty acids 
are removed from blood, they either are reesterified to 
triglycerides and phospholipids, oxidized to COg, or converted 
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to acetate and ketone bodies (predominantly in the liver and 
kidney). 
Amount of direct uptake of NEFA by the mammary gland has 
been debated. Annison et al. (1967) found no significant net 
uptake of NEFA from the mammary gland of fed lactating goats. 
Moore and Christie (1981) summarized several experiments with 
fed lactating animals, and all suggested little net uptake of 
NEFA. Kronfeld (1965) found a significant uptake of NEFA by 
the mammary gland of lactating dairy cows when concentrations 
of NEFA were greater than 300 jLiEq/1. Pullen et al. (1989), 
using ^C-palmitate, found a positive correlation (r=.76; 
p<.05) between plasma NEFA concentration and milk fat percent, 
and suggested that a large proportion of plasma NEFA was taken 
up directly by the mammary gland. Also, these authors 
suggested that small arterio-venous differences could be very 
important due to the high blood flow to the mammary gland (a 
net difference of 40 jumoles/l could provide 33% of the long-
chained fatty acids for milk fat triglycerides). Thus, the 
uptake of NEFA by the mammary gland and other organs seems to 
be concentration dependent. 
Oxidation of fatty acids is a major route of utilization 
by muscle, heart, and brain. Pethick et al. (1983) estimated 
from fed and fasted pregnant ewes that 46 and 59% of NEFA in 
the whole animal were oxidized to COg. Also, 54% of COg 
produced by the hind-limb was derived from oxidation of NEFA. 
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Bauman et al. (1988) determined that 15.4 and 19.2% of NEFA 
were oxidized to COg in control and somatotropin-treated 
lactating dairy cows. Thus, NEFA can contribute a significant 
amount of energy to tissues, especially during early 
lactation. 
Oxidation of fatty acids to COg is dependent on the 
concentration of fatty acids in blood. The amount of 00% 
derived from fatty acids increases as plasma concentration 
increases, with no indication of a limiting value (Lindsay, 
1975; Pullen et al., 1989). Incomplete oxidation to acetate, 
and probably to a lesser extent to ketone bodies, occurs in 
most extra-hepatic tissues (Lindsay, 1975; Pethick et al., 
1983). Lindsay (1975), using data from fasted sheep, 
estimated that 70% of NEFA taken up by the liver may be 
converted to ketones, i.e., ketogenesis. If this amount of 
NEFA were oxidized fully by peripheral tissues, it could 
account for about 30% of total COg production. 
Ketogenesis Ketogenesis or production of BHBA, ACAC, 
and acetone in fed ruminants occurs predominantly in the 
liver, kidneys, and alimentary tract. McGarry and Foster 
(1980) stated that two types of control exist for hepatic 
ketogenesis: one is the supply of fatty acids to the liver 
and the other is hepatic adjustments directing the fate of 
fatty acids. The rate of ketogenesis is determined primarily 
by the rate of delivery of fatty acids to the liver (McGarry 
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and Foster, 1980). It is important also to note that the 
concentration of NEFA can be increased without a concomitant 
increase or production of ketones. Furthermore, production of 
ketone bodies can be inhibited while concentrations of NEFA 
are being maintained (McGarry and Foster, 1980). 
Non-esterified fatty acids are primary substrates for 
hepatic ketogenesis. Beta-hydroxybutyrate is the major ketone 
body found in systemic blood (Bergman, 1971; Hibbitt and 
Baird, 1967; de Boer, 1984). Reynolds et al. (1988b) reported 
that 60% of BHBA production dairy cows in early lactation 
occurred via hepatic ketogenesis, whereas 40% occurred via 
alimentary ketogenesis. During starvation and ketosis in 
ruminants, ketogenesis occurs almost exclusively in the liver. 
Ketones are not readily used by the liver and, therefore, are 
released into systemic blood. Mammary gland utilizes 
substantial amounts of ketones, mainly for fatty acid 
synthesis. Skeletal muscle, heart, and probably the brain 
take up ketones for oxidation to COg and acetate. Thus, 
ketone bodies can serve as precursors of lipid, sources of 
energy via oxidation, and regulators of metabolism. 
Once in the liver, fatty acids are esterified to CoA by 
acyl-CoA synthases. Fatty acyl-CoA synthase is found in the 
outer membrane of mitochondria, in the mitochondrial matrix, 
and in microsomes (Zammit, 1984). Carnitine 
palmitoyltransferase (CPT) is associated exclusively with 
21 
mitochondria and catalyzes the first reaction committed to 
mitochondrial oxidation of long-chain fatty acids (Zammit, 
1984). Carnitine palmitoyltransferase^ resides on the outer 
surface of the membrane and carnitine palmitoyltransferaseg 
resides on the inner surface. Once fatty acids are committed 
to oxidation they are converted to acetyl CoA, which is the 
second branch point in the pathway of fatty acid oxidation. 
Acetyl CoA can combine with oxaloacetate and enter the TCA 
cycle, it can be converted to ketone bodies (mainly ACAC and 
BHBA) via the reactions of the 3-hydroxymethylglutaryl CoA 
(HMG-CoA) cycle, or it can be released as free acetate. 
Acetoacetate is formed in mitochondria and can move across 
the mitochondrial membrane into the cytosol, where it can stay 
as ACAC or be converted to BHBA via BHBA dehydrogenase. The 
BHBA dehydrogenase of ruminant liver occurs in the cytosol, 
whereas, the BHBA dehydrogenase of non-ruminant liver and 
rumen epithelium occurs in mitochondria (Koundakjian and 
Snoswell, 1970). Thus, production of BHBA in ruminant liver 
occurs almost exclusively in the cytosol. 
Acetate production via the liver is an alternative route, 
in addition to ketogenesis, for fatty acid oxidation and may 
relieve build-up of acetyl CoA during high rates of fatty acid 
oxidation (Bell, 1981). Bell (1981) summarized data from 
previous experiments, which showed that a significant net 
release of acetate occurred in liver from sheep and cows. 
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Ketone bodies and acetate produced via oxidation in 
liver readily diffuse into blood and are carried to 
extrahepatic tissues where they can be oxidized for energy. 
Lactating dairy cows probably divert much of the ketone bodies 
to the mammary gland to be used for energy or milk fat 
synthesis. Palmquist et al. (1969) calculated that BHBA 
removed from the blood by the mammary gland may account for 8% 
of the carbon present in milk fat. 
Esterification of fattv acids Another fate of NEFA upon 
entering the liver is esterification to glycerol to form 
triglycerides and phospholipids. Triglycerides then either 
can be stored in the liver as lipid or packaged into very-low 
density-lipoproteins (VLDL) and secreted into the blood 
(Benson and Emery, 1971). Triglycerides in blood can 
contribute over 50% of the fatty acids incorporated into milk 
fat (Emery, 1973). Blood triglycerides originate from the 
diet or from metabolism in the liver. 
Ruminants have been shown to have low concentrations of 
VLDL in blood relative to other species (Chapman, 1980). 
Kleppe et al. (1988), using isolated goat hepatocytes, 
suggested that ruminant liver has the ability to take up fatty 
acids and incorporate them into triglycerides, but it has a 
limited ability to secrete VLDL. Bell (1981) summarized data 
suggesting that VLDL secretion for the rat is related to NEFA 
uptake by the liver. The ability of the liver, however, to 
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secrete VLDL may be less than its ability to take up NEFA. 
Thus, during early lactation in dairy cows, when uptake of 
NEFA by liver increases dramatically, uptake of NEFA may 
exceed the rate of secretion of VLDL and cause triglycerides 
to accumulate in the liver. 
Fattv liver Excess accumulation of triglycerides in 
liver can cause a condition known as fatty liver. Fatty acid 
synthesis in the liver is considered to be minimal (Hanson and 
Ballard, 1967); thus triglycerides that accumulate should 
result from reesterification of NEFA. Fatty liver in dairy 
cows generally is considered to occur in underfed cows, over-
conditioned (dry period) cows around parturition and early 
lactation, and high-producing cows in early lactation (Reid et 
al., 1979; Reid, 1983; Morrow, 1976). Herdt (1988) summarized 
data showing that lipid accumulation in liver may start 1 
month before parturition. Gerloff et al. (1986) suggested 
that maximal lipid accumulation in liver occurs l to 2 wk 
postpartum, then returns to prepartum concentrations by 8 wk 
postpartum. 
Fatty liver has been associated with an increased 
incidence of milk fever, ketosis, retained placenta, mastitis, 
death, and impaired reproductive function (Morrow et al., 
1979; Gerloff et al., 1986; Reid, 1983; Reid et al., 1979). 
Herdt (1988) summarized data from several research groups, 
showing there was a reduction in breeding efficiency 
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evidenced by an extended period from parturition to first 
estrus and an increased number of services per conception. 
Some researchers examined the possibilty that fatty liver 
may alter progesterone metabolism. Watson (1986) observed no 
significant differences in clearance of exogenous progesterone 
from blood between dairy cows with mild and severe fatty 
liver. Watson and Williams (1987) showed that mean 
concentration of progesterone during the first postpartum 
cycle tended to be lower for cows with moderate versus mild 
fatty liver. Cows with fatty liver have been shown to have 
decreased concentrations of serum cholesterol, and 
extracellular cholesterol is likely needed for maximal 
production of progesterone by the corpus luteum (Herdt, 1988). 
However, no direct relationship between fatty liver and 
impaired reproductive efficiency has been established. 
Reproduction in Postpartum Dairy Cows 
Parturition 
Dramatic hormonal changes occurr just before, during, and 
immediately after parturition. Many synchronized hormonal 
changes are necessary for normal parturition and initiation of 
lactation. Only a brief description of specific hormones 
relating to parturition will be discussed. For more details 
on mammogenesis (Erb, 1977; Tucker, 1985), parturition (Bazer 
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and First, 1983; Liggins, 1979; Thorburn and Challis, 1979), 
and initiation of lactation (Erb, 1977; Tucker, 1985), see the 
respective reviews. 
Systemic progesterone concentration gradually declines 
from approximately 15 d to 3 d prepartum, then rapidly 
declines until parturition, and is virtually undetectable 
until re-activation of ovarian function (Smith et al., 1973). 
Estrogens (free and sulfated) increase linearly during the 
last 4 wk prepartum, peak 2 to 3 d before parturition, then 
decline precipitously following expulsion of the conceptus. 
Luteinizing hormone (LH) concentration is lower and has fewer 
pulses prepartum than postpartum due to the inhibitory effect 
of progesterone on the response of the pituitary gland to 
hypothalamic gonadotropin releasing hormone (GnRH). PGFg-
alpha peaks on the d of parturition, then gradually declines 
over the first 15 to 20 d postpartum. Fetal plasma Cortisol 
concentration increases over the last 15 d prepartum, with a 
rapid increase occurring over the last 2 to 3 d (First, 1979). 
Initiation of parturition in the cow is considered to 
result from release of adrenocorticotropin hormone (ACTH) from 
the fetal pituitary followed by an increase of Cortisol 
production by the fetal adrenal. In the caprine and bovine, 
fetal Cortisol stimulates placental estrogen production, which 
results in uterine production and releases PGFg-alpha (First, 
1979). Prostaglandin Fg-alpha causes the demise of the corpus 
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luteum, which results in a decline in concentrations of plasma 
progesterone the major hormone responsible for maintenance of 
pregnancy. The decline in plasma progesterone concentration 
"releases" the myometrium of the uterus from inhibition and 
allows uterine contractions (First, 1979). Prostaglandin Fg-
alpha and oxytocin cause an increase in intensity of uterine 
contractions until the parturution process is complete (First, 
1979). The precise mechanisms involved in regulating the 
parturient process of cattle have not been determined. 
Events occurring at or around the time of parturition can 
affect the rate of uterine involution, reactivation of ovarian 
function, and the interval from parturition to first estrus 
and conception. Specifically, milk fever, fat cow syndrome, 
ketosis, dystocia, retained placenta, and uterine infections 
have been suggested to directly or indirectly impair 
postpartum reproductive efficiency (Erb and Smith, 1987; 
Morrow, 1976). 
Uterine involution 
Expulsion of fetal membranes in dairy cattle normally 
occurs within 12 hours after parturition, after which time 
fetal membranes can be considered retained. Involution of the 
uterus takes approximately 30 to 40 d, but this interval can 
be highly variable (Lindell et al., 1982). At parturition the 
uterus weighs approximately 9 kg and has a length of .85 
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meters. By 10 d, 20 to 30 d, and 50 d postpartum uterine 
weight has been shown to be 3, 1, and ,75 kg, respectively 
(Thatcher et al., 1985). Uterine involution is comprised of 
three overlapping processes: reduction in size, loss of 
tissue, and repair of tissue (Gier and Marion, 1968). 
Generally, uterine involution, as determined via rectal 
palpation, is considered to be complete when the pregnant horn 
decreases to its nongravid size and/or when the two uterine 
horns are similar in diameter and show normal consistency and 
tonus (Casida, 1968). Kiracofe (1980) stated that uterine 
involution continues beyond the time that uterine regression 
is detectable by rectal palpation. 
The uterus has been shown to be the major source of PGFg-
alpha, and bovine caruncular tissue is probably the major 
source during the early postpartum period in cattle (Guilbault 
et al., 1984a). Prostaglandin Fg-alpha is almost entirely 
metabolized into 13,14-dihydro-l5-keto-PGF2-alpha (PGFM) 
during a single pass through the lungs (Maule Walker and 
Peaker, 1981). Guilbault et al. (1984a), Knickerbocker et al. 
(1982), and Thatcher et al. (1984) reported that PGFM is a 
good indicator of uterine production of PGFg-alpha during the 
early postpartum period in cattle. Further, during the early 
postpartum period, concentrations of PGFM have been shown to 
reflect the rate of uterine involution. 
Guilbault et al. (1984a) reported that hysterectomy on the 
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d of parturition completely eliminated plasma PGFM 
concentrations, thus, showing that the bovine uterus is the 
primary source of PGFg-alpha. Eley et al. (1981) and Kindahl 
et al. (1980) reported that PGFM concentration in blood was 
maximal at parturition and remained elevated until 15 to 20 d 
postpartum. This increased release of PGFM by the uterus must 
result from increased uterine PGFg-alpha synthesis because 
prostaglandins are not stored in tissues (Poyser, 1981). 
Guilbault et al. (1984a) suggested that increased production 
of PGFg-alpha by the uterus during the early postpartum period 
in cattle may favor uterine involution by stimulating 
myometrial contractions. Kiracofe (1980) summarized several 
studies that suggested the early reduction in uterine size 
after parturition results from vasoconstriction and 
peristaltic contractions. 
Highly significant negative correlations between systemic 
PGFM concentration and stage of uterine involution have been 
reported (Eley et al., 1981; Lindell et al., 1982; Lewis et 
al., 1984), suggesting that PGFg-alpha may play an important 
role in facilitating involution of the uterus. Eley et al. 
(1981) conducted a study in which they examined the 
concentrations of PGFM and uterine involution in two different 
genetic lines of Jersey cows selected for milk production. 
Their results showed that both concentrations of PGFM and 
uterine involution took longer to return to normal after 
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parturition in cows selected for high milk production. 
Peters and Lamming (1984a) suggested that the elevated 
concentration of PGFg-alpha released from the uterus may keep 
progesterone concentration very low during the early 
postpartum period. Increased concentration of PGFg-alpha have 
been shown to cause premature regression of luteal structures 
(corpora lutea or unovulated luteinized follicles) on the 
ovaries, which are the major source of progesterone (Inskeep 
and Murdock, 1980; Kindahl et al., 1980). These results 
suggest involvement of the uterus in control of ovarian 
function (premature demise of luteal structures) during the 
early postpartum period. In contrast, Kiracofe (1980) 
summarized data from five experiments, which found no 
relationships between uterine involution and interval from 
parturition to first estrus or conception of clinically normal 
cows. Thus, he suggests that the normal involuting uterus is 
probably not involved in reestablishing ovarian cyclicity. 
Thatcher et al. (1985) suggested that a combination of 
factors (physiological, hormonal, and environmental) may 
influence uterine involution. Marion et al. (1968) reported 
that average ds to uterine involution was shorter for 
primiparous (34 d) than for pluriparous (41 d) cows. Also, 
these authors found there was a seasonal effect on uterine 
involution, with uterine involution occurring more rapidly 
during warm than during cold seasons. Administration of 30 mg 
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of progesterone daily after 3 to 5 d postpartum until complete 
uterine involution, resulted in a prolonged interval to 
uterine involution (Marion et al., 1968). Suckling was 
reported not to affect the rate of uterine involution as 
determined via rectal palpation in cows (Wagner and Hansel, 
1969). Thatcher et al. (1985) summarized several experiments 
that showed dystocia, retained placenta, uterine infection, 
milk fever, and ketosis tended to prolong uterine involution. 
Gier and Marion (1968) and Morrow et al. (1969) estimated that 
abnormal clinical conditions may delay uterine involution by 5 
to 8 d. 
Reactivation of ovarian function 
At parturition, the corpora lutea of pregnancy are the 
major palpable structures on the ovaries and have been shown 
to persist for 7 to 30 d postpartum (Morrow et al., 1966; 
Wagner and Hansel, 1969). However, systemic progesterone 
concentrations are very low the d after parturition, 
suggesting the corpus luteum is non-functional. Wagner and 
Hansel (1969) suggested that maintenance of the size of the 
corpora lutea after parturition was due to the large amount of 
vascular tissue present in corpora lutea of pregnancy versus 
corpora lutea found during an estrous cycle. 
Ovarian follicles have been detected in dairy cows as 
early as 4 to 5 d postpartum (Kesler et al., 1978; Morrow et 
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al., 1966). Around d 10 postpartum, the ovaries and/or 
follicles increase in size and weight (Callahan et al., 1971; 
Wagner and Hansel, 1969). Changes in size and populations of 
atretic and non-atretic follicles during the early postpartum 
period have been observed (Dufour and Roy, 1985; Spicer and 
Echternkamp, 1986). The first postpartum ovulation in dairy 
cows has been reported to occur between 15 and 30 d postpartum 
(Callahan et al., 1971; Kesler et al., 1978; Marion and Gier, 
1968; Wagner and Hansel, 1969). It is now believed, however, 
that around d 15 postpartum, ovarian follicles capable of 
ovulating are present (Kesler et al., 1980; Stevenson and 
Britt, 1979; Wagner and Hansel, 1969). 
Presumably, the fate of many of these early follicles is 
to undergo atresia (Schirar and Martinet, 1982). During the 
early postpartum period, follicles develop to mature size and 
then become atretic and regress. This regression is followed 
by the development of other follicles, until eventually one of 
the follicles ovulates, with or without estrous expression, or 
through production of estrogen induces estrus without an 
ensuing ovulation (Schirar and Martinet, 1982). 
Plasma concentration of follicle stimulating hormone (FSH) 
have been shown to be low during the first few d postpartum. 
After this time FSH concentration increases, then 
concentration fluctuates widely, with episodic releases 
seeming to occur at random (Lamming et al., 1982). During the 
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early postpartum period, concentration of FSH in plasma 
generally is not affected by exogenous GnRH (Riley et al., 
1981) and does not differ between suckled and milked cows 
(Carruthers et al., 1980; Convey et al., 1983). Thus, Peters 
et al. (1981) suggested that concentrations of FSH probably 
does not limit the onset of ovarian activity. 
Concentration of plasma LH is low during the first wk 
postpartum; however, around 10 to 15 d postpartum in milked 
cows increases in basal concentrations and frequency of 
release of LH can be seen (Peters and Lamming, 1984a; Peters 
et al., 1981; Schallenberger et al., 1984). In both suckled 
and milked cows, an increase in frequency of LH release has 
been shown prior to ovulation (Humphrey et al., 1983; Peters 
et al., 1981; Walters et al., 1982). Thus, an increase in 
frequency of release of LH is thought to be necessary for 
reactivation of ovarian function (Lauderdale, 1986; Peters and 
Lamming, 1984a). 
Gonadotropin releasing hormone has been shown to cause the 
release of FSH and LH from the anterior pituitary gland. In 
milked cows, response of the pituitary gland to exogenous GnRH 
is reduced during the first wk postpartum, however, by 8 to 14 
d postpartum the pituitary gland is very responsive (Fernandes 
et al., 1978; Foster et al., 1980; Kesler et al., 1977; Peters 
and Lamming, 1984b; Schallenberger et al., 1984). In contrast 
suckled beef cows normally do not regain pituitary 
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responsiveness to GnRH until 20 to 30 d postpartum (Radford et 
al., 1978; Irvin et al., 1981; Peters et al., 1981). 
Kesler et al. (1977) reported that concentrations of 
estradiol-17-beta were associated positively with the 
magnitude of LH response in response to exogenous GnRH. Thus, 
increasing concentrations of estradiol-17-beta, probably 
resulting from the progressively increasing follicular growth 
and steroidogenesis, are likely to be involved in increasing 
responsiveness of the pituitary gland to GnRH (Kesler et al., 
1979). In various studies, transient increases of plasma 
progesterone in the absence of any detectable corpus luteum on 
the ovarian surface have been observed in both beef and dairy 
cows during the early postpartum period (Corah, et al., 1974; 
Donaldson et al., 1970; Rawlings et al., 1980; Robertson, 
1972; Tribble et al., 1973; Webb et al., 1980). However, in 
the dairy cow, the incidence of this transient rise in plasma 
progesterone may be much less than that observed in the beef 
cow (Stevenson and Britt, 1979; Harrison, Dept. Animal 
Science, Iowa Stae University, unpublished observations, 1985, 
1989). In most cases, the origin of this transient increase 
in progesterone has not been determined. However, it might 
originate from partly luteinized follicles, from short-lived 
corpora lutea, or from normal atretic or large cystic 
follicles (Schirar and Martinet, 1982). This source of 
progesterone during the early postpartum period may be 
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luteinized follicles resulting from the progressively 
increasing follicular estrogen secretion. Increasing estrogen 
may result in an increased LH release and subsequently partial 
luteinization of these follicles. However, in milked dairy 
cows several researchers have failed to observe a transient 
increase in systemic progesterone prior to the first detected 
ovulation (Echternkamp and Hansel, 1973; Kesler et al., 1980; 
and Stevenson and Britt, 1979). 
Berardinelli et al. (1979) determined the first sources of 
progesterone before puberty in beef heifers by using 
progesterone concentrations, rectal palpations, and 
histological preparations. Two transient increases of 
progesterone concentration in plasma were observed before 
puberty. Neither the first nor the second increase of 
progesterone was accompanied by the formation of a palpable 
corpus luteum or any visable luteal structure on the ovaries. 
Berardinelli et al. (1979) concluded that the first increase 
of progesterone was produced by luteal tissue embedded within 
the ovary, possibly resulting from luteinization of an 
unovulated follicle but was not palpable on the ovarian 
surface. The second increase was thought to occur similarly. 
If events facilitating the onset of puberty are similar to 
those initiating the onset of estrous activity in the 
postpartum cow, the presence of luteinized unovulated 
follicles may be hypothesized. Berardinelli et al. (1979) 
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suggested that progesterone may establish a phasic pattern of 
release of LH, such that, as the concentration of progesterone 
increases, the release of LH changes from a pattern of a 
continuous series of relatively large peaks to a pattern of 
intermittent peaks with a low concentration between peaks. 
Progesterone priming in the ovariectomized ewe decreases 
the dose of estrogen necessary to induce estrous behavior 
(Robinson, 1959). Also, progesterone priming decreases the 
time between injection of estrogen and onset of estrous 
behavior and increases the duration of estrous behavior 
(Scaramuzzi et al., 1971). Thus, Scaramuzzi et al. (1971) 
suggested that in situations where luteal progesterone is 
lacking (i.e., the first ovulation of the breeding season or 
possibly the first ovulation postpartum in the bovine), 
ovulation may frequently take place without exhibition of 
estrous behavior (silent estrus). It is assumed that similar 
events are taking place in the bovine. 
Ovulation 
It has been suggested that the ovary of the dairy cow is 
capable of ovulation around 15 d postpartum (Hanzen, 1986; 
Kesler et al., 1980; Stevenson and Britt, 1979; Wagner and 
Hansel, 1969). However, many factors (hormonal, 
physiological, and environmental) are involved in preparation 
and eventual ovulation of a follicle from the ovary (Hanzen, 
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1986; Peters and Lamming^ 1984a). 
An increase in frequency of pituitary gland release of LH, 
due to the lack of inhibition by progesterone (Ireland and 
Roche, 1982), and an increase in amplitude of LH release, due 
to feedback effects of estrogen on the pituitary normally are 
observed prior to ovulation (Chenault et al., 1975). The 
dramatic increase in estrogen that occurs prior to ovulation 
is considered to be the stimulus that causes the gonadotropin 
surge of LH (Hansel and Convey, 1983), which is the major 
hormone involved in ovulation and luteinization of the 
follicle. 
A low concentration of progesterone seems to be a 
prerequisite for estradiol to cause the gonadotropin surge 
(Hansel and Convey, 1983). Estradiol has been shown not to 
exert a positive feedback effect on LH release in females with 
a functional corpus luteum (Bolt et al., 1971; Short et al., 
1973). Also, exogenous progesterone has been shown to block 
the estradiol-induced gonadotropin surge in heifers (Kesner et 
al., 1981). 
Ovarian cysts are an important factor that may limit 
initiation of normal ovarian activity and ovulation. Kesler 
and Garverick (1982) and Youngquist (1984) summarized data 
showing that the incidence of cysts may range from 6 to 30 
percent. Ovarian cysts in dairy cows generally aredefined as 
structures of at least 2.5 cm in diameter that persist for at 
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least 10 d in the absence of a corpus luteum (Kesler and 
Garverick, 1982). These authors reported that spontaneous 
reestablishment of ovarian cycles occurred in about 60 percent 
of cows that developed ovarian cysts before the first 
postpartum ovulation. However, only about 20 percent of cows 
that developed ovarian cysts after the first postpartum 
ovulation spontaneously reestablished ovarian cycles. 
Ovarian cysts often are classified into two groups: 
follicular and luteal cysts (Bierschwal et al., 1975; Kesler 
and Garverick, 1982). Kesler and Garverick (1982) state that 
follicular cysts can be single or multiple, occur on one or 
both ovaries, and are usually thin-walled. Luteal cysts are 
usually single structures on one ovary and are generally 
thicker walled than follicular cysts. Zemjanis (1970) 
reported that 70 percent of ovarian cysts were follicular. 
Kesler and Garverick (1982) and Youngquist (1984) stated that 
ovarian cysts are anovulatory follicular structures, which are 
different from cystic corpora lutea. A cystic corpus luteum 
is a corpus luteum with a fluid-filled cavity. Cystic corpora 
lutea are generally not pathological because they form after 
an ovulation and do not normally affect the length of the 
estrous cycle (Kesler and Garverick, 1982). 
Many factors have been suggested to influence the 
incidence of ovarian cysts including season, age, level of 
milk production, nutrition, heredity, length of the postpartum 
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interval, exogenous estrogens (ingested and parenteral), and 
aberrations around the time of parturition (Youngquist, 1984). 
However, most researchers agree that ovarian cysts are caused 
by an endocrine imbalance (Kesler and Garverick, 1982; 
Youngquist, 1984), but the actual mechanisms are not known. 
Kesler and Garverick (1982) suggest that ovarian cysts develop 
when the hypothalamus and pituitary gland are less responsive 
in releasing LH under the influence of estradiol. These 
authors summarized data on some of the possible mechanisms 
involved and treatments used with ovarian cysts. 
Changes during the estrous cvcle 
The luteal phase is considered to be initiated at the time 
of formation of the corpus luteum and normally lasts 16 to 17 
d in the cow (Levasseur, 1980). The corpus luteum has been 
shown to reach maximal weight, DNA content, and progesterone 
content around d 11 post-estrus (Hafs and Armstrong, 1968). 
Systemic progesterone concentration increases during the 
luteal phase and reaches a maximal concentration around d 10 
post-estrus (Hansel et al., 1973). Donaldson and Hansel 
(1965) reported that progesterone concentration of the corpus 
luteum per gram of tissue did not change after d 4 post-estrus 
and therefore suggested that the increase in progesterone 
content after this time was due to an increase in the number 
of secretory cells. 
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Length of the first luteal phase postpartum has been 
reported to be shorter (6-12 d) and progesterone concentration 
lower 50 to 80 percent of the time (Bulman and Lamming, 1978; 
Eger et al., 1988; Manns et al., 1983; Peters and Riley, 1982; 
Schams et al., 1978; Stevenson and Britt, 1979; Troxel et al., 
1983; Webb et al., 1980). Peters and Lamming (1984b) suggest 
that these short periods of progesterone secretion (i.e., most 
likely short luteal phases) could be due to progesterone 
secretion by an unovulated follicle, by a normal corpus luteum 
that has insufficient LH receptors to respond maximally to 
luteotrophic stimulus, or an insufficient luteotrophic 
stimulus to maintain the corpus luteum. Garverick and Smith 
(1986) presented a review on specific mechanisms that may be 
involved in subnormal luteal function, which will not be 
discussed here. 
Increases in concentrations of PGFg-alpha of uterine 
origin are thought to cause the demise of the corpus luteum 
(i.e., luteolysis) during a normal estrous cycle (Shemesh and 
Hansel, 1975). The actual mechanisms by which PGFg-alpha 
controls luteolysis are not understood. Concentration of 
PGFg-alpha has been shown to change during the estrous cycle. 
Inskeep and Murdock (1980) reported that concentrations in the 
endometrium and uterine venous plasma were very low during the 
estrous cycle, but showed major increases on d 13 and 14 post-
estrus. For cows, Shemesh and Hansel (1975) reported that by 
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d 15 to 17 PGFg-alpha in endometrium and in uterine venous 
blood had increased and the increase persisted until the onset 
of estrus. 
Baird et al. (1976) and Ottobre et al. (1980) proposed 
that a period of progestational influence, caused by 
administration of progesterone on d 0 and 1, advanced the time 
of occurrence of the initial rises of PGFg-alpha to d 8 in 
ewes. The time of initial rise was d 12 in control ewes. 
Thus, it seems that a period of increased progesterone 
regulates timing of the initial releases of PGFg-alpha during 
the estrous cycle. Several mechanisms have been proposed for 
the demise of the corpus luteum. For more details, refer to 
other papers (Auletta and Flint, 1988; Hansel and Dowd, 1986; 
Niswender, 1981; Niswender et al., 1985). 
Estrus 
Exhibition of estrus in association with ovulation is 
critical to reproductive efficiency in most species. Estrogen 
is considered the primary hormone involved in causing animals 
to exhibit estrous behavior (Kaltenbach and Dunn, 1980). 
Mounting other cows and being mounted by other cows are 
considered as primary signs of behavioral estrous (Hurnik et 
al., 1975). However, various secondary signs can be used as 
an aid for estrous detection. In dairy cows, the beginning of 
estrus occurs around 25 to 30 hours before ovulation and 
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generally lasts 12 to 17 hours (Hawk and Bellows, 1980; 
Sorensen, 1979). Graves et al. (1968) summarized data which 
showed that days from parturition to first visual estrus 
ranged from 30 to 72 d. 
In a high percentage of cows (50 to 80%), first ovulation 
postpartum occurs without exhibition of estrus (Fonseca et 
al., 1983; King et al., 1976; Morrow et al., 1969; Stevenson 
and Britt, 1979; Stevenson and Call, 1983). King et al. 
(1976) video recorded (24 h/d) estrous behavior in dairy cows 
during the first 90 d postpartum and observed that only 50 
percent of the first ovulations were preceded by visual 
estrus. In all these studies the percentage of animals 
detected in estrus increased with each succeeding ovulation. 
Foote (1979) summarized data showing that optimal 
conception rates occurred when cows were bred 6 to 24 hours 
after detection of estrus. Thus, if fertility is dependent on 
such a time frame for mating, any stressor that could block 
the expression of estrus or delay the preovulatory release of 
LH by 24 hours could affect negatively the reproductive 
success (Moberg, 1985). Also, Moberg (1985) suggests that the 
estrous cycle is susceptible to the influence of a variety of 
physical and emotional stressors. 
A physiological system whose response to stress might 
interfere with normal reproductive function likely would be 
the adrenal glands (Moberg, 1985) . Stoebel and Moberg (1982) 
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demonstrated that exogenous ACTH or Cortisol could block the 
preovulatory release of LH in dairy cows. Also, these animals 
did not exhibit estrous behavior even though they had 
increased titers of plasma estrogen. Thus, metabolic demands 
of high milk production may pose a stress that may alter 
expression of estrus. 
Effects of Lactation on Reproduction in Dairy Cows 
Many factors can affect reproductive efficiency of dairy 
cows. By increasing the need for nutrients available to the 
mammary gland, genetic selection for high milk production has 
increased the metabolic demands of lactation. Adequate 
nutrition often has been implicated as playing an important 
role in the effects of milk production on reproduction. 
Increased nutrient requirements can be met only partly by 
increased feed intake and increased proportions of concentrate 
in the diet during early lactation. Amount of milk 
production, changes in energy balance and/or body weight, and 
changes in concentrations of metabolites and hormones in blood 
have been examined to assess possible relationships between 
milk production and reproduction. Each of these factors and 
their effects on reproductive efficiency will be addressed. 
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Milk production 
The role of high milk production in causing decreased 
fertility has been a major concern of dairymen. Olds et al. 
(1979) reported a positive correlation (r=.70) between 120 d 
milk production and number of services required for 
conception, independent of days open. Spalding et al. (1975) 
observed that conception decreased markedly with increasing 
milk production and that conception of the highest producing 
quartile was 21% less than conception of the lowest quartile. 
Evidence has been presented that the interval from 
parturition to first ovulation in dairy cows is associated 
positively with milk production (Butler et al., 1981; Marion 
and Gier, 1968; Stevenson and Britt, 1979; Whitmore et al., 
1974); however, others have found no association (Dachir et 
al., 1984; Harrison et al., 1989). Also, the interval from 
parturition to first visual estrus has been shown to be 
associated positively with milk production (Dachir et al., 
1984; Fonseca et al., 1983; Harrison et al., 1989). 
Mobilization of body reserves is necessary to meet the 
energy requirements of cows in negative energy balance, which 
occurs in most high-producing cows during early lactation. 
Cortisol is considered to be a stress-related hormone, and 
metabolic demands of lactation of high-producing cows may pose 
a significant stress (Bauman and Elliot, 1983). Exogenous 
glucocorticoids have been shown to suppress or inhibit estrous 
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behavior in cows and in ovariectomized estrogen-treated dairy 
heifers (Allrich et al., 1984; Cook et al., 1987; Stoebel and 
Moberg, 1982). Thus, Cortisol concentrations in high-
producing dairy cows may be related to suppression of estrous 
behavior, however, no direct evidence has been shown. 
High-producing dairy cows are usually in negative energy 
balance during early lactation. Butler et al. (1981) found a 
negative correlation (r=-.80) between milk production and 
average energy balance during the first 20 d of lactation. 
Thus, the degree of negative energy balance, in a healthy 
high-producing dairy cow, during early lactation may provide a 
good indicator of level of milk production. 
Enerov balance and body weight 
Negative energy balance of cows has been shown to be 
related to impaired reproductive efficiency. Butler et al. 
(1981) reported a negative correlation (r=-.60) between energy 
balance and days from parturition to first ovulation. Also, 
they reported that ovulation and the first normal luteal phase 
occurred at an average of 10 d after energy balance was most 
negative and began returning towards zero. 
It has been shown that the extent and rate of body weight 
loss during early lactation in dairy cows influences the 
interval from parturition to first estrus, conception rate for 
a single mating, and interval from calving to conception 
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(Boyd, 1972; McClure 1970; Menge et al., 1962; Whitmore et 
al., 1974). Haresign (1981) stated that increased loss of 
body weight in early lactation is associated with decreased 
reproductive efficiency, primarily due to both a delay in 
first estrus and a lower conception rate. 
The energy balance of cows at time of mating also may have 
a significant effect on conception rates. Cows that are 
losing weight at the time of mating are less likely to 
conceive than those gaining weight (King, 1968; Sonderegger 
and Schurch, 1977; Youdan and King, 1977). 
Experimental evidence for sheep indicates that 
reproductive efficiency is determined partly by the energy 
status of ewes in the period just before mating, which 
supports the concept of "flushing" (Allen and Lamming, 1961; 
Coop, 1966). Haresign (1981) suggests that not only is energy 
balance important, but that an interaction exists between 
energy balance and body condition. Thus, a similar 
relationship between energy status and reproduction may exist 
in dairy cows because many are in marginal energy balance at 
the time rebreeding is initiated. There is a basic 
difference, however, between ewes and dairy cows at the time 
of mating. The ewe needs energy only for maintenance and 
reproduction, whereas, the dairy cow has a major added energy 
requirement for milk production (Haresign, 1981). 
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Metabolites in blood 
Homeostasis is essential for survival, and during early 
lactation, the rate at which body weight is lost may be 
determined by endocrine function. Hormonal changes in early 
lactation result in a partitioning of nutrients, which can be 
reflected by changes in energy-yielding metabolites in blood. 
With the initiation of lactation there is an increased 
utilization of nutrients for milk production. To adapt to the 
energetic demands of lactation, there is mobilization of 
triglycerides from adipose tissue to NEFA, increased ketones, 
and decreased concentrations of plasma glucose for lactose in 
milk synthesis. Glucose, ketone body, and NEFA concentrations 
have been used to evaluate both energy and reproductive status 
of sheep, beef cows, and dairy cows. 
Harrison et al. (1989) reported that average glucose 
concentrations before the first luteal phase and first visual 
estrus were greater for cows below herd average than those 
above herd average. Downie (1976) reported that cows were 
infertile when plasma glucose concentrations were decreasing 
and fertile when plasma glucose concentrations were increasing 
at the time of mating. McClure et al. (1978) reported data to 
support the hypothesis that hypoglycemia is the primary 
biochemical condition responsible for infertility induced by 
acute energy deficiency of lactating cows. They also 
suggested that hypoglycemia causes a decreased GnRH secretion 
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from the hypothalamus, which would decrease gonadotropin 
secretion from the pituitary gland and thus decrease gonadal 
activity. The hypoglycemia seen in early lactation, however, 
may have direct effects on the ovary and other parts of the 
reproductive system. 
Kronfeld (1972) suggested that blood ketone concentrations 
can be used to evaluate the energy balance of dairy cows. 
Beta-hydroxybutyrate is the ketone body that is present in the 
greatest quantity in the blood of normal, well-fed animals 
(Menahan et al,, 1967). Herdt et al. (1981) reported that 
plasma BHBA concentrations were not good indicators of energy 
balance? however, they suggested that BHBA might be used as an 
indicator of the relative gluconeogenic potential of dairy 
rations. Kelly (1977) reported that BHBA concentrations 
changed significantly when dietary intakes of cows were 
altered either in quantity or quality. 
Non-esterified fatty acids also have been used to evaluate 
the energy status of beef and dairy cows. During early 
lactation, increased concentrations of plasma NEFA seem to be 
a result of a negative energy balance (Hove and Halse, 1983). 
Bartle et al. (1983) suggested that NEFA may be a better 
indicator of energy status in cows fed below their energy 
requirement than in cows fed above requirement. Much 
variation has been reported for changes in concentrations of 
glucose, BHBA, and NEFA during various stages of lactation in 
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ruminants, and standardization of blood sampling may be 
responsible for much of the reported variation (Hove and 
Halse, 1983). 
As dairymen continue to select for high milk production, 
there will be increasing metabolic and nutrient demands 
imposed upon the dairy cow, and these demands may have a 
deleterious effect on reproductive efficiency. There is a 
strong need to better understand metabolic changes that occur 
during early lactation in high-producing dairy cows and to 
know how these changes may impair various aspects of 
reproductive efficiency. 
Summary of Literature 
Several measurements of energy status (i.e., energy 
balance, metabolites in blood, and body condition) have been 
used to assess overall animal productivity (i.e., milk 
production and reproductive efficiency). 
Ruminants derive much of their energy through 
gluconeogenesis. Propionate, amino acids, glycerol, lactate, 
and pyruvate provide most of the substrate for 
gluconeogenesis, with propionate being the major contributor 
for lactating dairy cows. Dairy cows in early lactation place 
a major demand on gluconeogenesis to meet the glucose 
requirements for lactose synthesis by the mammary gland. 
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During early lactation, dietary energy intake usually does 
not meet the energy demands for milk production. To help meet 
these extra energy needs, cows mobilize triglycerides from 
adipose tissue and then transport them in the blood as NEFA, 
which are taken up by liver, muscle, and other tissues. Once 
NEFA are removed from the blood, they are either reesterified 
to triglycerides and phospholipids, oxidized to COg, or 
converted to acetate and ketone bodies in the liver. Excess 
accumulation of triglycerides in liver is known as fatty 
liver. Because fatty acid synthesis in the bovine liver is 
considered to be minimal, triglycerides that accumulate likely 
result from esterification of NEFA. Indirect evidence has 
suggested that fatty liver during early lactation may impair 
reproductive function. 
The pituitary gland, uterus, and ovaries play important 
roles in reestablishing normal estrous cycles in postpartum 
dairy cows. Responsiveness of the pituitary gland to GnRH to 
cause release of LH occurs about d 10 postpartum. Involution 
of the uterus normally requires 30 to 40 d and PGFg-alpha 
concentration returns to normal between 15 to 20 d postpartum. 
Around 15 d postpartum, mature follicles are present on the 
ovaries and ovulation can occur. Reactivation of ovarian 
function (i.e., ovulation) generally occurs by 30 d 
postpartum. Thus, it seems that dairy cows are 
physiologically able to resume estrous activity at that time, 
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but they generally do not exhibit visual estrus. 
Milk production, energy status, and nutrition have been 
shown to be associated negatively with reproductive 
efficiency. Level of milk production has been shown to affect 
days from parturition to first ovulation, first estrus, and 
conception. Also, energy status (i.e., energy balance, 
changes in body weight, body condition, and metabolites in 
blood) has been shown to be associated negatively with several 
measurements of reproductive efficiency. How milk production, 
energy status, and nutrition actually affect reproductive 
efficiency still remains an enigma. 
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EXPLANATION OF DISSERTATION FORMAT 
This dissertation is presented in the alternative format, 
as described in the Iowa State University Graduate College 
Thesis Manual. Use of the alternative format allows 
preparation of independent sections, which are suitable for 
submission for publication in a scientific journal. 
One manuscript has been prepared from research conducted 
to partly fulfill requirements for the Ph.D. degree. This 
manuscript is complete in itself and contains an abstract, 
introduction, materials and methods, results, discussion, and 
references. 
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EFFECTS OF GENETIC SELECTION FOR MILK PRODUCTION 
ON ENERGY STATUS AND REPRODUCTIVE EFFICIENCY OF 
HIGH- AND AVERAGE-PRODUCING DAIRY COWS 
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ABSTRACT 
Two lines of Holstein cows (2nd to 3rd lactation) 
resulting from a 20-year selection project that used average 
and highest sires chosen only for predicted differences in 
milk were used (average n=10, high n=lO). Five blocks of four 
cows were utilized, with two cows from each line in each 
block. Cows were on experiment from parturition (d 1) until d 
75. Blood samples were obtained via jugular venipuncture 
daily for the first 2 wk, then 3 X per wk (Monday, Wednesday, 
and Friday) thereafter. Cows were milked and observed for 
estrous activity twice daily. Rectal palpation of the uterus 
and ovaries was conducted twice weekly, and cows were bred on 
any visual estrus after 50 d postpartum. Cows were fed a 
total mixed diet containing 1.55 Mcal/kg of dry matter, and 
feed intakes were determined daily and cows were weighed 3 X 
per wk. Biopsies of liver tissue were obtained on d 5, 15, 
and 30. Milk production on a 305 d twice a d milking on a 
mature equivalent basis was 10,814 kg and 6,912 kg for the 
high and average groups, respectively. No differences were 
observed between the two groups in the interval from 
parturition to uterine involution, and first ovulation or in 
the length of the first luteal phase between the two groups. 
Days to first visual estrus and number of ovulations before 
first visual estrus were greater (P<.05) for the high versus 
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the average group (66 d vs. 43 d and 1.6 vs. .7), 
respectively. Energy balance (Mcal/d) was less positive 
(P<.05) for the high versus the average group during wk 1, 2, 
10, and 11. Feed intake as a percent of body weight was 
greater for the high versus the average group during wk 6, 7, 
and 10. Body weight loss from calving was greater (P<.05) for 
the high versus the average group during wk 3, 4, 5, and 11. 
Gross efficiency (4% fat corrected milk/dry matter intake) was 
greater for the high versus the average group throughout the 
study (P<.05). Glucose concentration was lowest during wk 2 
for both groups, and increased throughout the remainder of the 
experiment. Non-esterified fatty acids (NEFA) and beta-
hydroxybutyrate (BHBA) were greatest for both groups during wk 
1 and 2, respectively, and decreased linearly thereafter. 
Liver triglyceride content was greatest and liver glycogen 
content was lowest at d 15 postpartum for all cows. Liver 
triglyceride content was greater (P<.05) on d 30 for the high 
versus the average group. Liver triglyceride content was not 
correlated significantly with any reproductive measurements. 
In this study, reactivation of ovarian function was similar 
between the two groups; however, days to first visual estrus 
and number of ovulations before visual estrus were greater for 
the high versus the average group. Thus, these data support 
the concept that high milk production is involved in a 
suppression of estrous behavior. Energy status data suggest 
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that the high group was more challenged metabolically during 
early lactation, and that the high group had a greater gross 
efficiency during this time. 
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INTRODUCTION 
High milk production per cow is one of the most important 
factors contributing to profitability of a dairy farm, and 
genetic selection for increased milk production has been the 
most consistent way to increase production per cow. Over the 
last 25 years, average milk production per cow has increased 
from 3,400 to 6,252 kg (Majeskie and Eastwood, 1988). With 
the strong emphasis on selection for increased milk 
production, there has been a strong interest in the effects on 
reproduction. Heritability for milk production is considered 
to be .25, while heritability of reproductive traits is <.10 
and thus generally has not been the focus of selection (Hansen 
et al., 1983). 
Field data suggest there are some antagonisms between 
production and reproduction (Bar-Anan et al., 1985; Berger et 
al., 1981; Bertrand et al., 1985; Everett et al., 1966; Hansen 
et al., 1983; Krageland et al., 1979; Laben et al., 1982; 
Miller et al., 1967; Seykora and McDaniel, 1983). 
Physiological reasons for antagonisms between milk production 
and reproduction, however, have not been elucidated. Factors 
such as negative energy balance, low plasma glucose, and fatty 
liver have been shown to be associated with impaired 
reproduction. 
The objectives of our study were to examine various 
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physiological measurements made during early lactation in two 
groups of cows that have been selected for genetic differences 
in milk production for 20 years and to examine any differences 
in reproductive efficiency between the two groups. 
81 
MATERIALS AND METHODS 
Management and Feeding of cows 
Two lines of Holstein cows resulting from a 20-year 
genetic selection project that used average and high sires 
chosen only for predicted differences in milk production were 
used. Thus, cows in this experiment were classified as either 
average- or high-producing, and were either in their second or 
third lactation. Ten cows from the average line and ten cows 
from the high line were blocked into five blocks of four cows 
(two from each line). About 60 d before parturition, each 
block was moved about 30 miles from the genetic breeding herd, 
which had free-stall management exclusively, to the teaching 
herd in Ames. During the remaining dry period, cows were 
handled regularly and acclimated to the farm management prior 
to parturition. Cows were on experiment from parturition 
(i.e., d 1) to d 75. After d 75, cows were returned to the 
genetic breeding herd. 
Cows were fed ad libitum a total mixed diet that was 58:42 
forage:concentrate and consisted of chopped alfalfa hay, corn 
silage, and a soybean meal-cracked corn concentrate (Table 1). 
Net energy was 1.55 Meal of (NE^)/kg dry-matter. Feed intakes 
were determined daily, cows were weighed three times weekly 
(Monday, Wednesday, and Friday), and cows were milked twice 
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TABLE 1. Composition and analysis of feedstuffs in diet^ 
Ingredient 
% of DM 
Composition: 
Corn silage 25.0 
Alfalfa hay 33.2 
Cracked corn 30.2 
Soybean meal 9.7 
Vitamin-mineral supplement 1.9 
TOTAL: 100.0 
Analysis: 
Acid detergent fiber 22.3 
Crude protein 16.3 
^Cows were fed a diet which was a total mixed ration, 
and DM was 68.6% of the as-fed weight. 
^Consisted of monosodium-phosphate, magnesium oxide, 
sodium bicarbonate, dicalcium phosphate, calcium carbonate 
salt, trace mineral premix, and at least 1,500 lU of vitamin 
A and 150 lU vitamin D per pound of feed. 
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daily (0700 and 1750 h). Cows were placed in a concrete lot 
and observed 30 min for estrous activity after each milking. 
Rectal palpations were conducted twice weekly to monitor 
uterine involution and ovarian activity. Uterine involution 
was considered complete when the previously pregnant horn 
returned to the size of the nonpregnant horn. A cow was 
considered in estrus when she was observed to remain immobile 
while being mounted by herdmates. Cows were bred on any 
visual estrus after 50 d postpartum. If a cow was not 
observed in estrus before returning to the genetic herd at d 
75, she was assigned a value of 75 d to first estrus, which 
would be less than the actual value. 
Sampling and Analyses of Blood 
Two 10 ml blood samples were taken via jugular 
venipuncture between 1200 and 1400 h, for the first 14 d 
postpartum, then three times per wk (Monday, Wednesday, and 
Friday) thereafter. Blood was collected into vacuum-sealed 
tubes^ containing at least 19 USP units of heparin per ml of 
blood. They were centrifuged for 10 min after which plasma 
was collected and stored at -20°C. Plasma from one 
vacutainer-tube was later analyzed for concentrations of 
^Beckton Dickinson and Company, Rutherford, NJ. 
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glucose, beta-hydroxybutyrate (BHBA), and non-esterified fatty 
acids (NEFA) while plasma from the other tube was analyzed for 
Cortisol and progesterone. Each metabolite for each sample 
was stored separately in 12 X 75 mm tubes^. Samples collected 
for quantitation of glucose, BHBA, and NEFA also contained 15 
Hi of a 4% sodium fluoride (NaF) solution per ml of blood. 
Glucose^ and NEFA^ concentrations were determined 
enzymatically. Intra- and inter-assay coefficients of 
variation (CV) for glucose were determined from a plasma pool 
from a cow in early lactation (55.6 ± .27 mg/dl) and was 1.58 
and 1.59%, respectively. From a separate plasma pool, NEFA 
had a concentration of 556 + 12 uEq/1 and an intra- and inter-
assay CV of 4.7 and 5.1%, respectively. For BHBA 
concentrations, 1.5 ml of plasma were deproteinized by using 3 
ml of .3 N Ba(0H)2 and 3 ml of 5% ZnSO^ (Somogyi, 1945), and 
the protein-free filtrates were analyzed enzymatically 
(Williamson and Mellanby, 1974). Beta-hydroxybutyrate had a 
plasma pool concentration of 3.98 + .05 mg/dl and an intra-
and inter-assay CV of 3.86 and 4.27%, respectively. 
^Borosilicate disposable culture tubes (12 X 75 mm). Fisher 
Scientific Company, Chicago, IL. 
^Glucose Trinder 500 no. 315, Sigma Chemical Co., St. Louis, 
MO. 
^NEFA-C kit, WAKO Pure Chemical Industries, Ltd., Osaki, 
Japan. 
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Concentrations of progesterone in plasma were determined 
by a specific radioimmunoassay (RIA) previously validated in 
this laboratory for cow plasma (Reynolds et al., 1983) and 
using the same fully characterized antibody, GDN-337 (Gibori 
et al., 1977). Intra- and inter-assay CV using a plasma pool 
from a luteal phase cow containing 7.42 ± .33 ng/ml of 
progesterone was 10.6 and 12.7%, respectively. All samples 
from each cow in these studies were analyzed in the same 
assay. 
Cortisol concentration was measured in duplicate by RIA 
of 50 fjil of undiluted plasma by using a fully characterized 
antibody (F3-314 from Endocrine Sciences, Tarzana, CA). The 
tracer was [ 1,2-^H]-Cortisol (sp. act. 50 Ci/mmol; Amersham, 
Arlington Heights, IL). Sensitivity was 125 pg/tube, the 
lowest point on the standard curve, and was significantly 
different from zero. Ten and 20 ng/ml of Cortisol (n=4) were 
added to a plasma pool from a cow in early lactation, 11.99 + 
.20 ng/ml Cortisol. Concentrations recovered were 10.1 + .5 
and 17.4 + 1.0 ng/ml, respectively. Parallelism was shown by 
using dilutions of the plasma pool of 1:2, 1:5, 1:10, 1:15, 
and 1:20 (n=4). Intra- and inter-assay CV were 4.5% (n=7) and 
9.2% (n=4), respectively. 
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Sampling and Analyses of Liver 
Puncture biopsies of liver (Hughes, 1962) were obtained 
with a trocar, which was positioned between the llth and 12th 
rib and approximately 20 cm below the spinal vertebra, on d 5 
± .3, 15 + .2, and 30 ± .3 postpartum. Local anesthesia 
consisted of 6 ml of a Xylocaine^ solution. The biopsy trocar 
had inside and outside diameters of 7.76 and 9.53 mm, 
respectively, and a length of 31 cm. 
Generally, the trocar was pointed towards the left 
shoulder or kept close to the thoracic wall until the liver 
was palpated. Approximately 3 to 5 g of liver was obtained 
from each biopsy. After liver tissue was obtained, the 
incision was sutured^ and Furacin powder^ was placed over the 
incision site. About 1 g of liver was frozen at -20°C and 
later analyzed for content of triglycerides and glycogen. The 
remaining sample was placed immediately into O'C phosphate 
buffered saline and used within 1.0 h for in vitro studies. 
Incubations were conducted by using liver slices of about 
100 mg and a thickness of .5 mm (Stadie and Riggs, 1944). 
^Lidocaine hydrochloride (2%), Med Tech, Inc., Elkwood, KS. 
^Precise" suture staples, 3M Company, Minneapolis, MN. 
^Furacin powder, Iowa State University Veterinary Services, 
Ames, lA. 
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After slicing, tissue were blotted, weighed, and placed into 
25 ml flasks that contained 3 ml of Krebs-Henseleit 
bicarbonate buffer at pH 7.4 (Lasser, 1961), .03% bovine serum 
albumin, and 2 mM Ca**. Gluconeogenic rates are maximized by 
physiological concentrations of Ca** (Lyle et al., 1984; 
Veenhuizen et al., 1989). Tissue slices were incubated either 
with 10 mM Na-propionate and 1 fiCi Na- [ 2-^^C] -propionate to 
measure rates of conversion of propionate to glucose and COg 
or with 1,000 ng of progesterone to measure disappearance of 
progesterone from media. 
Flasks were gassed for 20 s with 95:5 Og:COg. Hanging 
wells containing folded filter paper were suspended for 
collection, and flasks were stoppered. Samples were incubated 
in triplicate for 2 h at 37®C with constant shaking in a water 
bath. Incubations were terminated at 2 h by injecting .5 ml 
of 1.5 N HgSO^, for ^^COg collection, the filter paper was 
wetted with 100 /il of 25% NaOH, and shaking continued for 1 h 
to insure collection of all ^^COg. Filter paper then was 
removed, dried, and counted for radioactivity (Lyle et al., 
1984) . 
Acidified media was processed for determination of ^^C-
glucose (Veenhuizen et al., 1989). Radioactive glucose was 
isolated by ion-exchange chromatography (Mills et al., 1981). 
For all samples, loss of glucose through isolation procedures 
was corrected for by recovery of ^ H-glucose added to 
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incubation media after incubations. Any background 
contamination of radioactive glucose and COg by ^^C-propionate 
substrate was measured in media that was acidified immediately 
before adding liver slices. Scintillation fluid was added to 
samples and radioactivity was determined by dual isotope 
counting. Conversion of ^^C-propionate to ^^C-glucose and 
was calculated (Mills et al., 1984). 
Disappearance of progesterone from media was determined by 
the RIA procedure described previously. Samples were assayed 
using 200 fil of media diluted 1:100. 
Frozen samples of liver were pulverized under liquid Nj/ 
and a portion was used for determination of glycogen and free 
glucose (Keppler and Decker, 1974). Lipid was extracted from 
remaining pulverized liver sample by shaking overnight in 2:1 
(V:V) chloroform:methanol. The chloroform layer was filtered 
through glass wool and evaporated under moving air. After 
drying, the lipid extract was dissolved in 5 ml of 3:2 
hexane:isopropanol. Concentration of triglyceride was 
determined by using a modification of an enzymatic assay®. 
The modification consisted of incubating sample plus reagent 
for 45 min at 37°C to evaporate the hexane and allow the 
reaction to go to completion. 
®Sigma Triglyceride kit no. 336, Sigma Chemical Co., St. 
Louis, MO. 
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Clearance of Progesterone from Blood 
The day after each biopsy, i.e., d 6 ± .3, 16 ± .2, and 31 
± .3, clearance of progesterone from blood was determined. A 
jugular vein catheter was inserted 1 h before injection of 
progesterone, and two pre-injection samples of blood then were 
taken. At zero time, 50 mg of progesterone dissolved in 2 ml 
of ethanol was injected, then immediately flushed with 6 ml of 
.15 M NaCl. Blood samples were taken at .5 min, every min 
from 1 to 12, every 2 min from 12 to 30, every 5 min from 30 
to 60, and then at 70, 80, 100, and 120 min post-injection. 
Disappearance of progesterone from blood also was measured 
by the same RIA as described previously. Sample volumes for 
assay were: 20 /il for .5 min to 60 min post-injection and 100 
Hi for zero time and 70 to 120 min post-injection samples. 
Other Sampling Analyses 
Every Monday, Wednesday, and Friday both a.m. and p.m. 
milk samples were taken and assayed for fat, protein, and 
total solids by using an infrared analyzer*. Energy content 
of milk was calculated (Tyrrell and Reid, 1965). Components 
of the diet were sampled every 2 wk, and DM was determined by 
'Milk-O-Scan 203, Foss Food Technology, Eden Prairie, MN. 
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drying at 60°C for 48 h in a forced-air oven. Crude protein 
(AOAC, 1980) and acid-detergent fiber (Goering and Van Soest, 
1970) were determined from samples composited for the entire 
experiment. 
Digestible energy of the diet was measured twice; d 32 to 
37 and d 57 to 62. During both intervals, four fecal grab 
samples and a represenative feed sample were obtained each day 
for 6 d. Acid-detergent insoluble ash was used as an internal 
marker to determine digestibility (Porter and Sniffen, 1986) 
and was determined by ashing the acid-detergent fiber fraction 
overnight at 500°C. Energy in the feed and feces was 
determined by bomb calorimetry^". Body condition scores were 
determined, with a score of one being very thin and five being 
very fat (Wildman et al., 1982). 
Definition of Terms 
Interval from parturition to first ovulation was defined 
as days from parturition until 3 d before the first increase 
of progesterone above 1 ng/ml. All ovulations were verified 
by rectal palpation of a corpus luteum. A luteal phase was 
considered to have occurred if plasma progesterone remained 
above 1 ng/ml for three consecutive blood samples. The length 
'°Parr Adiabatic Calorimeter, Parr Instrument Co., Inc., 
Moline, IL. 
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of a luteal phase was defined as the days that consecutive 
progesterone samples remained above 1 ng/ml. Cortisol 
concentration at ovulation was estimated by using the average 
concentration from -4 to 0 d to assumed ovulation. Energy 
balance was determined as net energy input in feed minus 
estimated net energy output for maintenance plus actual net 
energy in milk. 
Data Analyses 
A split-plot design, with analysis of variance and general 
linear model, was used to analyze data involving repeated 
measurements with time (Statistical Analysis System, 1982). 
Groups (average and high) were the main plots and were tested 
by using cows within groups as the error term. Times (wk 
postpartum or biopsy period) were subplots and were tested 
against residual error, as was the treatment by wk 
interaction. Weekly means were the average of a, Monday, 
Wednesday, and Friday sampling. Adjusted mean square error 
was used to test differences between two group means for the 
same wk or period (Cochran and Cox, 1957). Student's t-test 
and correlations were used to evaluate relationships between 
selected measurements. 
Two cows from the average and two cows from the high group 
were not included in the analysis of data. In the average 
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group, one cow developed toxic endometritis, and the other was 
off-feed for 2 wk and lost over 100 kg of body weight. In the 
high group, one cow calved 30 d early, and the other had a 
displaced abomasum and did not return to normal. Thus, all 
analyses of data include eight cows per group. 
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RESULTS 
Milk Production and Ovarian Activity 
Average weekly production of milk and 4% fat-corrected 
milk during the first 75 d of lactation are shown in Figures 
la and lb. Milk production, expressed on a 305-d twice-a-day 
milking, mature equivalent basis (305-d-2X-M.E.) was 
significantly different (P<.01) between the average (6,912 ± 
378 kg) and high (10,814 + 293) groups (Table 2). 
Days from parturition to uterine involution were similar 
for the average (27 ± 1) and high (24 + 2) groups (Table 2). 
Also, rate of uterine involution was similar between the two 
groups (Figure 2). Days to first ovulation were similar for 
the average and high groups (29 ± 3 vs. 31 ± 4). Overall, 
days to first ovulation was not significantly associated with 
75 d (r=.04) or 305-d-2X-M.E. (r=.06) milk production. Also, 
length of the first luteal phase was not statistically 
different between the average and high groups (14 ± 2 vs. 11 ± 
3), see Table 2. 
Short luteal phases of 6 to 12 d were observed in 50% 
(4/8) of the cows in both the average and high groups. 
Exhibition of estrus in association with first ovulation 
occurred in 50% (4/8) and 0% (0/8) of the cows in the average 
and high groups, respectively. Exhibition of estrus at the 
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TABLE 2. 305-d-2X M.E. milk production, days from parturition 
to uterine involution, days to first ovulation, 
length of the first luteal phase (d), days to first 
visual estrus, number of ovulations before first 
visual estrus, and days to conception in high- and 
average-producing cows 
Group 
Measurement High Average 
305-d-2X M.E. (kg) 10,814 + 378* 6,912 + 293 
Uterine Involution (d) 24 ± 2 27 ± 1 
Days to first ovulation 31 + 4 29 + 3 
Length of first luteal 
phase (d) 11 + 3 14 2 
Days to first visual 
estrus^ 66 + 4C 43 + 4^ 
Number of ovulations 
before 1st visual 
estrus 1.6 + .3° .7 + .2^ 
Days to conception 217 + 43*^ 74 + 13^ 
(range) (103 to 395) (53 to 145) 
^Cows not exhibiting visual estrus by 75 days postpartum 
were assigned a value of 75 days to first visual estrus. 
^^Means ± SE with different superscript between columns 
differ (P<.05). 
^^Means ± SE with different superscript between columns 
differ (<.01). 
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Figure 2. Uterine involution, as determined by rectal palpation, in high- and 
average-producing dairy cows during the first 30 d postpartum 
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second ovulation occurred in 100% and 50% of the cows in 
average and high groups, respectively. 
Days to first visual estrus was significantly (P<.01) 
different between the average (43 + 4) and high (66 ± 4) 
groups (Table 2). All cows in the average group exhibited 
visual estrus during the first 75 d postpartum, however, only 
50% (4/8) of the cows in the high group exhibited visual 
estrus. Also, ovulations before first visual estrus were less 
(P<.05) for the average (.7 ± .2) versus the high (1.6 + .3) 
group. Across all cows, 305-d-2X-M.E. milk production was 
correlated positively (r=.70, P<.001) with days to first 
visual estrus. Also, 75 d milk production was correlated 
positively (r=.51, P<.05) with days to first visual estrus for 
all cows. 
Days to conception were significantly different (P<.01) 
between the two groups and ranged from 53 to 145 d and 103 to 
395 d in the average and high groups, respectively. 
Conception during the 75 d period when cows were on the 
experiment occurred in 63% (5/8) and 0% (0/8) of the cows in 
the average and high groups, respectively. 
Energy Balance 
Energy balance was most negative during wk 1 postpartum 
for the average and high groups and increased rapidly through 
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wk 7 (Figure 3a). Further, the high group had a significantly 
lesser energy balance (P<.05) during wk 1, 2, 10, and 11 when 
compared to the average group. Both groups were in positive 
energy balance after wk 5. Across all cows and all wk 
(n=176), energy balance was correlated positively with dry 
matter intake (r=.86, P<.001) and glucose concentrations 
(r=.26, P<.001), but it was correlated negatively with 
concentrations of NEFA (r=-.71, P<.001) and BHBA (r=-.44, 
P<.001). There was no significant association between average 
energy balance during wk 1 or wk 1 plus 2 and days to first 
ovulation. 
Feed intake, as a percent of body weight, was greater for 
the high group for wk 6, 7, and 10 at P<.05 and for wk 5 and 8 
at P<.10 when compared to the average group (Figure 3b). 
Across all cows and all wk, dry matter intake was correlated 
positively with milk production (r=.88, P<.001). Percent loss 
in body weight from calving was greater (P<.05) for the high 
group during wk 2, 3, 4, 5, and 11 (Figure 3c). 
There was no difference between times or between groups in 
digestibility of energy (Figure 4). Gross efficiency, which 
was calculated as 4% fat corrected milk/dry matter intake, was 
greater in the high versus average group (P<.05), see Figure 
5. 
For three blocks of cows (i.e., six per group) body 
condition scores were measured by three independent persons 
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each wk throughout the dry period and the first 75 d of 
lactation. The average group calved at a mean body condition 
score of 4.0 ± .1, whereas the high group calved at 3.5 ± .1. 
Scores were least for both groups at wk 8 postpartum (3.0 ± .1 
and 2.2 + .1, respectively). At d 75 the average and high 
groups had body scores of (3.1 ± .1 and 2.4 + .1, 
respectively). 
Metabolites in Blood 
Concentration of glucose in blood was lowest during wk 2 
for both groups, (Figure 6a). The high group had a 
significantly lower glucose concentration during wk 2, 3, 5, 
and 6 compared to the average group, and the mean glucose 
concentration was less for the high group throughout the 
experiment. Across all cows and all wk, glucose concentration 
was correlated negatively with NEFA (r=-.46, P<.001) and BHBA 
(r=-.72, P<.001). Also, glucose concentration was correlated 
positively with energy balance (r=.26, P<.001). Average 
glucose concentration across all cows for each of the first 3 
wk was not correlated with days to first ovulation or days to 
first visual estrus. Across all cows, average glucose 
concentration during wk 1 was correlated negatively with days 
to conception (r=-.69, P<.01). 
Concentration of BHBA was highest during wk 2 for both 
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Figure 6. Average daily glucose (A), ^-hydroxybutyrate (B), 
and non-esterified fatty acid (C) concentration in 
high- and average-producing dairy cows during the 
first 11 wks postpartum 
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groups (Figure 6b). There was no significant difference 
between the average and high groups over the 11 wk; however, 
BHBA in the high group tended to be higher throughout. Across 
all cows and all wk, BHBA was correlated positively with NEFA 
(r=.59, P<.001) and negatively with energy balance (r=-
.43, P<.001). 
Concentration of NEFA was highest during wk 1 and declined 
steadily thereafter (Figure 6c). The high group had a 
significantly (P<.01) greater NEFA concentration for wk 1 and 
2 compared with the average group. Across all cows and wk, 
NEFA concentration was correlated negatively (r=-.71) with 
energy balance. Across all cows (n=16), average NEFA 
concentration for either wk 1 or 2 was not associated 
significantly with days to first ovulation or days to first 
visual estrus. 
Cortisol concentration generally increased for both groups 
during the first 7 to 10 wk postpartum (Figure 7). Across all 
cows and wk, Cortisol concentration was correlated positively 
with milk production (r=.82, P<.002) and energy balance 
(r=.75, P<.008). Average Cortisol concentration during the 5 
d before assumed ovulation was used to examine differences for 
cows that did and did not exhibit estrus with ovulation. 
There was no difference in Cortisol concentration for cows 
that ovulated and exhibited estrus versus cows that ovulated 
and did not exhibit estrus, 11.2 + 1.1 and 8.9 ± 1.1 
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Triglycerides and Glycogen in Liver 
Liver triglyceride content in the average group increased 
significantly (P<.05) from d 5 to 15 and then decreased from d 
15 to 30 (Table 3), In the high group, there was no 
difference in liver triglyceride content for d 5, 15, and 30 
postpartum. However, at d 30 the high group had a 
significantly (P<.05) greater liver triglyceride content than 
the average group. Liver triglyceride content on d 5 was 
correlated positively (r=.74, P<.002) with blood NEFA 
concentration during wk 1. There was no association between 
liver triglyceride content on each of d 5, 15, and 30 and days 
to first visual estrus or days to conception. 
Liver glycogen content was similar for d 5, 15, and 30 
postpartum in the average group (Table 3). In the high group, 
liver glycogen content decreased significantly (P<.05) from d 
5 to 15 and then increased significantly from d 15 to 30. 
Also, liver glycogen content was significantly lower (P<.05) 
at d 15 in the high versus the average group. Liver glycogen 
content on d 5 was correlated positively (r=.62, P=.01) with 
average systemic glucose concentration during wk 1. Across 
all cows and biopsy periods (n=48), content of liver glycogen 
was correlated negatively (r=-.49, P<.001) with concentration 
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TABLE 3. Triglyceride and glycogen content of liver on days 
5, 15, and 30 postpartum in high- and average-
producing cows 
Days postpartum 
Constituent and 
genetic group 15 30 
Triglyceride: 
High 
Average 
3.6 ± 1.8 
(NS) 
2.6 ± .5" 
•% wet weight 
4.1 ± 1.9 
(NS) 
4.4 ± 1.4b 
4.2 ± 2.0 
(P<.05) 
1.5 ± .3° 
Glycogen: 
High 
Average 
2.3 ± .6' 
(NS) 
3.0 + .4 
1.2 ± .4' 
(P<.05) 
2.3 ± .4 
2.1 ± .4' 
(NS) 
2.6 + .3 
^'^eans + SE with different superscript within a row differ 
(P<.05) 
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of liver triglyceride. 
Ratio of liver triglyceride to glycogen was determined for 
each biopsy. Triglyceride:glycogen on d 5 and 15 was 
correlated positively with days to conception (r=.64, P<.02) 
and (r=.72, P<.02), respectively. Also, triglyceride:glycogen 
on d 15 was correlated positively with 75 d and 305-d-2X-M.E. 
milk production (r=.72, P<.01) and (r=.59, P<.05), 
respectively. 
In Vitro Metabolism of Propionate and Progesterone 
Conversion of ^C-propionate to glucose and/or COg was not 
different (P>.10) between d 5, 15, and 30 for both groups and 
there were no differences between groups (Table 4). 
Conversion of propionate to glucose was not correlated with 
content of liver triglyceride (P>.20). However, propionate 
conversion to glucose was correlated positively with 
propionate conversion to COg (r=.60, P<.001). 
Progesterone metabolism by liver slices in the average 
group (Table 5) increased significantly (P<.05) from d 5 to 15 
and was intermediate at d 30. No differences were observed 
for d 5, 15, and 30 in the high group. Progesterone 
metabolism by liver slices was significantly greater (P<.05) 
for the high group on d 5 compared with the average group. 
There was no association between progesterone metabolism by 
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TABLE 4. Conversion of propionate (/xmol) to glucose and CO, 
by liver slices on days 5, 15, and 30 postpartum in 
high- and average-producing cows 
Days postpartum 
Reaction and 
genetic group 5 15 30 
-jumol X h"^ X g liver-
Propionate to glucose: 
High 10.38 + 1.30 8.48 ± 1.78 7.24 ± 1.77 
(NS) (NS) (NS) 
Average 9.84+1.30 6.67 ± .84 9.04+1.47 
Propionate to COg: 
High .78 ± .14 .90 ± .15 .63 ± .15 
(NS) (NS) (NS) 
Average .74 ± .14 .74 ± .29 .86 ± .11 
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TABLE 5. Progesterone metabolism by liver slices on days 5, 
15, and 30 postpartum in high- and average-producing 
cows 
Constituent and 
genetic group 
Days postpartum 
15 30 
Progesterone: 
. u-1 
-ng/gm tissue wet wt ' h 
High 4.9 ± .3' 3.8 ± .9' 4.3 + .6' 
(P<.05) (NS) (NS) 
Average 3.7 + .r 4.9 + .3' 4.2 ± .7 a , b  
^'^eans + SE with different superscript within a row 
differ (P<.05) 
Ill 
liver slices and content of liver triglycerides (P>.20). 
Disappearance of progesterone from blood was not different 
across d 6, 16, and 31 or between groups for each of these 
days (Figure 8). 
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DISCUSSION 
This study is unique because it compares a broad spectrum 
of physiological measurements in two groups of cows with 
dramatic differences in milk production and relates those 
differences to reproductive function. The 6,912 kg milk 
production for the average group is only 595 kg less than the 
7507 kg national average for Holstein cows (Wiggans and 
Hubbard, 1987). The 10,814 kg of milk production for the high 
group is truly represenative of high-producing herd of cows by 
todays standards. Thus, these two group of cows have a very 
different genetic potential, but because they are managed 
similarly, provide good examples to evaluate the effects of 
increased milk production and energy status on reproductive 
function. 
Reproductive Evaluations 
Our results revealed five major conclusions with respect 
to reproduction. First, there were no differences in the 
interval from parturition to uterine involution or in the rate 
of uterine involution between the groups. Second, there was 
no difference in days from parturition to first ovulation 
between groups. Third, 50% of all cows were shown to have a 
short luteal phase (6 to 12 d) but there was no difference in 
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length of the first luteal phase between the two production 
groups. Fourth, days to first visual estrus and number of 
ovulations before first visual estrus were greater for the 
high group, which confirms previous published results 
(Harrison et al., 1989). Fifth, there was a marked difference 
in days to conception between groups. 
The interval from parturition to complete uterine 
involution is one possible factor that has been suggested to 
affect reactivation of ovarian function. Eley et al. (1981) 
reported that the rate of regression of the uterus tended to 
be slower in a group of cows which had been genetically 
selected for increased milk production when compared to a 
control group of cows. Although the rate of uterine 
involution of cows in this study was similar to a previous 
report (Morrow et al., 1966), there was no association between 
the rate of uterine involution and level of milk production. 
Reactivation of ovarian function (i.e., ovulation) is 
essential for reproduction. Our study supports previously 
published research showing no association between reactivation 
of ovarian function postpartum and milk production (Bulman and 
Lamming, 1978; Butler et al., 1981; Dachir et al., 1984; 
Fonseca et al., 1983; Villa-Godoy et al., 1988). However, 
others (Jordon and Swanson, 1979; Stevenson and Britt, 1979) 
found a positive relationship between increased milk 
production and days to first ovulation. Short luteal phases 
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occur frequently after the first ovulation postpartum in dairy 
cows (Bulman and Lamming, 1978; Manns et al., 1983; Peters and 
Riley, 1982; Stevenson and Britt, 1979; Webb et al., 1980), 
and insufficient luteal support (i.e., progesterone 
production) may limit reproduction during the postpartum 
period. 
Days from parturition to first visual estrus is a very 
important factor that can adversely affect reproduction. 
Management can play an important role in estrus detection, 
however, researchers have shown antagonism between increased 
milk production and days from parturition to first visual 
estrus (Berger et al., 1981; Dachir et al., 1984; Fonseca et 
al., 1983; Harrison et al., 1989; Spalding et al., 1975; Tong 
et al., 1979; Whitmore et al., 1974). Other have reported no 
association between increased milk production and days to 
first visual estrus in Holstein cows (Dachir et al., 1984; 
Gonzalez, 1983), but in both studies there was an antagonism 
with Jersey cows. Our results indicate the high production 
group has a much longer period of suppression of estrous 
behavior. 
Although there was a major difference in days to 
conception between our two production groups, management of 
the cows was changed after d 75. The 63% conception rate of 
cows in the average group by d 75 versus no conceptions in the 
high group clearly indicates major differences in rebreeding 
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performance between the two groups, Irrespective of changes in 
management after d 75. Overall, our results indicate that 
high- and average-producing cows resume ovarian activity at 
the same time, but that expression of estrus, and therefore 
pregnancy rate, is markedly different. 
Evaluations of Energy Balance 
Energy balance was lower for the high group during the 
first 2 wk postpartum, and energy-yielding metabolites in 
blood were most different during wk 2 to 3. Thus, very early 
in lactation is likely the time when cows are most challenged 
metabolically. Energy balance during each of the first 3 wk 
was not correlated with days to first ovulation. Others have 
reported similar results (Canfield and Butler, 1988; Villa-
Godoy et al., 1988). However, Butler et al. (1981) found a 
negative correlation (r=-.60) between average energy balance 
during the first 20 d postpartum and days to first ovulation. 
Cows in both the average and high production groups 
returned to positive energy balance by 5 wk postpartum, which 
was also the time cows began to gain body weight. Feed intake 
as a percent of body weight was greater in the high group 
around this time, which suggests that this group compensated 
for greater milk production by consuming more nutrients. Dry 
matter intake provided a good indicator of energy status 
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during early lactation, which supports the idea of getting 
cows onto high feed intakes as soon as possible postpartum. 
Greater body weight loss during early lactation in the high 
group probably reflects greater mobilization of adipose tissue 
and muscle to support higher milk production. 
Differences in digestibility of nutrients between low- and 
high-producing cows has been of interest and may be partly 
responsible for differences in milk production. However, in 
this study, no differences were observed in digestibility of 
dietary energy between the high and average groups. Thus, 
differences in digestibility of energy seem to contribute 
little to differences in milk production. An increased gross 
efficiency was observed for the high group, which suggests 
that cows in this group are using more of their digestible 
energy for milk production and/or they are mobilizing more 
body reserves to support greater milk production. 
Evaluation of Metabolites in Blood 
For glucose, BHBA, and NEFA, in all cases both production 
groups followed similar patterns, with various differences in 
magnitude of changes. The greatest differences for these 
energy-yielding metabolites in blood were observed during the 
first 3 wk postpartum. Thus, any direct or indirect effects 
of these metabolites would likely occur during that period. 
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A low concentration of glucose has been associated with 
decreased reproductive efficiency (Downie, 1976; Harrison et 
al., 1989; McClure et al., 1978; Patil and Deshpande, 1979). 
In our study, glucose concentration was lower for the high 
group during wk 2, 3, 5, and 6. However, for individual cows 
there were no associations between glucose concentrations 
during wk 1, 2, and 3 and days to first ovulation or first 
visual estrus. 
Concentration of BHBA tended to be greater for the high 
group throughout the study, while NEFA were greater for the 
high group during wk 1 and 2. During early lactation, 
increases in BHBA are thought to result mostly from incomplete 
oxidation of fatty acids by the liver, while increases in NEFA 
are thought to result from mobilization of fatty acids from 
adipose tissue. Both BHBA and NEFA were correlated negatively 
with energy balance and may provide some general indication of 
overall energy status. Neither BHBA nor NEFA concentrations 
were associated with days to first ovulation or days to first 
visual estrus. 
Cortisol is generally considered to be a stress-related 
hormone, and demands of high milk production can be a 
metabolic stress. Exogenous glucocorticoids have been shown 
to suppress or inhibit estrous behavior in cows and in 
ovariectomized estrogen-treated dairy heifers (Allrich et al., 
1984; Cook et al., 1987; Stoebel and Moberg, 1982). Thus, 
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adrenal hormones may suppress or block the effects of estrogen 
on estrous behavior. In our study, however, no associations 
were observed between Cortisol concentrations in blood and 
expression of visual estrus postpartum. However, due to the 
infrequency of sampling, we may have missed differences if 
there were any. 
Braun et al. (1970) reported that circulating 
concentrations of Cortisol were antagonistic to milk 
production. Sartin et al. (1988) reported that Cortisol 
concentrations in the blood of dairy cows were lower in early 
lactation than later in lactation. Also, higher producing 
cows at 30 and 90 d postpartum tended to have lower Cortisol 
concentrations than lower producing cows, which is in 
agreement with results from this study. Thus, these authors 
suggested that lowered Cortisol concentrations may be related 
to milk production of higher producing cows. In this study, 
Cortisol concentration was correlated positively with energy 
balance. Thus, during early lactation, when metabolic demands 
are greatest, utilization or uptake by tissues may be greater, 
which could be responsible for lower Cortisol concentrations 
observed during early lactation. 
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Evaluations of Liver 
Fatty liver during early lactation has been shown to be 
associated with impaired reproductive performance (Gerloff et 
al., 1986; Reid, 1983; Reid et al., 1979; Reid et al., 1983; 
Reid et al., 1983). Liver triglyceride content for our cows 
was greatest at d 15 postpartum. At d 30, which is the 
approximate time of first ovulation, liver triglyceride 
content remained elevated for the high group but was decreased 
significantly in the average group. These data suggest that 
cows were mobilizing the greatest quantities of adipose tissue 
at about 2 wk postpartum. Data on blood metabolites would 
suggest that this time is when cows are most challenged 
metabolically. 
Glycogen content of liver was lowest for both groups at d 
15, and it was significantly lower for the high group. Thus, 
glucose reserves in liver seem to be most depleted at d 15, 
which agrees with liver triglyceride and blood metabolite 
data. Liver glycogen content was related inversely to liver 
triglyceride content. Again, these data suggest that at about 
2 wk postpartum cows are mobilizing the greatest quantities of 
fatty acids from adipose tissue and glucose is most limiting. 
No direct associations were observed between contents of 
either triglyceride or glycogen in liver and reproductive 
measurements. Thus, fatty liver may only reflect altered 
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lipid and glucose metabolism of high-producing cows. It 
should be noted that overconditioned cows at calving and 
unhealthy cows during lactation also develop fatty liver. 
Rate of conversion of propionate to glucose could be a 
factor limiting glucose production of high-producing cows in 
early lactation. Veenhuizen et al. (1989) reported that 
gluconeogenic capacity of liver slices did not change during 
early lactation in control cows, however, experimentally 
induced ketotic cows had a four-fold decrease in gluconeogenic 
capacity. In our study, no differences were observed between 
groups for in vitro conversion of propionate to glucose during 
the early postpartum period. Also, the amount of triglyceride 
in liver was not associated with gluconeogenic capacity. 
Thus, fatty liver did not affect gluconeogenic capacity of 
liver slices under conditions of this study. 
If progesterone were metabolized at different rates during 
early lactation, this could affect feedback effects of the 
ovary on the hypothalamus and pituitary. The liver 
metabolizes much of the circulating progesterone (Clemens and 
Estergreen, 1982), and the amount of liver fat could affect 
rate of metabolism of progesterone. We found no differences, 
however, for in vitro metabolism of progesterone or for 
clearance of exogenous progesterone from blood. Watson (1986) 
also found no differences in clearance of progesterone from 
blood for cows differing in liver fat content. Thus, 
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available data suggest that metabolism of progesterone by the 
liver does not play an integral role in reactivation of 
ovarian function in postpartum dairy cows. 
Summary 
Our results support the concept that high milk production 
in dairy cows can affect reproductive efficiency adversely. 
One factor involved with the impaired reproduction seems to be 
a decreased expression of visual estrus in association with 
ovulation. The two groups reached energy equilibrium at about 
the same time, but the high-production group maintained 
greater feed intake to meet the needs of greater production. 
Energy status during the first 2 to 3 wk postpartum, as 
reflected by energy balance, metabolites in blood, and 
triglyceride and glycogen contents of liver, may be involved 
in regulating days to first visual estrus and conception, 
which occur much later in the high-production group. Fatty 
liver did not seem to have a direct role in altered rebreeding 
performance in high-producing cows. 
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